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Lighting of factories. R. G. Devey, (p), 33, 

Lilly, J. S. Address as chairman of Dundee Sub-Centre. 79 . 

Lincolnshire (Mid-) electrification scheme. R Borlase 
Matthews, (p), 23. 

Liquids, electrical breakdown in. W. M. Thornton, (p), 5 . 

Livesey, a. Cecil. Electricity on board ship, (d), 568* 

Livock, F R. Electric warming, etc., of large buildings. 
(d), 619. ^ 

Load control by Grampian Electricitj^ Supply Co. A. S. 
Valentine and E. M. Bergstrom, (p), 153. 
factor of networks, electric heating and. R. Grierson 
and D. Betts, (p), 464. 

Longfield, C. M. 

Awarded a Premium. 718. 

Solution of stray-current electrolysis. ' (p) 101 ■ CdI 577 

Longman, R. M. ' ^ 

Electric warming, etc., of large buildings', (d) 626 
Electrical developments in U.S.S.R. (d), 637. ’ 

_ Hydro-electric development in Gt. Britain (d) 711 

Losses copper, in large cables. (E.R.A, Report.) ' (p),'299; 
(d), 707. ' " * 


Low, D. W. Electric warming, etc., of large buildings, (d) 
530. 

Lubrication and S. African railways. J. H. Sprawson 
(p). 686. 

Lucas, W. Magnetostriction echo depth-recorder, (d), 565. 

M. 

McClelland, W. Electricity on board ship, (d), 263. 
McGeachy, j. a.. Wood, A. B., and Smith, F. D. Magneto¬ 
striction echo depth-recorder, (p), 550; (d), 565. 
McGillewie, D. I. 

High-voltage gas-filled cathode-ray oscillograph, (d), 669. 
Sensiti'vities of gas-focused cathode-ray oscillographs. 

(d), 669. 

MacGregor-Morris, J. T. Address as chairman of Meter 
and Instrument Section. 341. 

MacGregor-Morris, J. T., and Henley, J. A. 

Awarded a Meter and Instrument Section Premium. 718. 
Sensitivi'ties of gas-focused cathode-ray oscillographs 

(D). 673. ^ • 

Machinery, electric. [See Generators, Electric, and also 
Motors, Electric.) 

-, electric driving of. R. G. Devey, (p), 31. 

Mackenzie, K. M. Electric warming, etc., of large buildings. 
(d), 535, 

McKinnon, E. C. Electrical developments in U.S.S.R. (d), 
633. ’ 

MacLarty, B. N., Ashbridge, Sir Noel, and Bishop, H. 
Awarded Institution Premium. 717. 

McMillan, D., and West, W. Awarded Fahie Premium 
717. 

McNee, j. B. Electricity on board ship, (d), 278. 
McQueen,^ A. H. Electric warming, etc., of large buildings. 

Magnetic pull and flux density, relation of. J. T. MacGregor- 
Morris, (p), 343. 

--testing, bridge method of. C. E. Webb and L H 

Ford, (p), 185. 

Magnetostriction echo depth-recorder. A. B. Wood, F. D. 
Smith, and J. A. McGeachy, (p), 550; (d), 563. 

Mallinson, a. B. Electric warming, etc., of large buildings. 
(d), 517. 

Mallinson, G. G. Electricity on board ship, (d), 274. 
Manufacturers and users, co-operation between W Burton 
(P). 40. 

Manufacturing enterprises, electrical, in Russia A Monk- 
house, (p), 625. 

March ant, E. W. 

Research in British Post Office, (d), 339. 

Vote of thanks to Mr. Hunter for services as President 

117. 

Marden, G. E. Electric warming, etc., of large buildings. 
(d), 635. 

Marine engineers, status of. H. W. Beara, (d), 263; S. B. 
Freeman, (d), 567; A. C. Livesey, (d), 568; A B 
Mallinson, (d), 274; H. C. Turner, (d), 273: G o’ 
Watson, (d), 260. 

Marsh, A. Electrical developments in U.S.S.R. (d) 636 
Marshall, C. W. Voltage and power factor control on 
interconnected systems, (d), 365. 

Marx-type rectifier, discussion on. 407. 

Matthews, R. Borlase. Address as chairman of Trans¬ 
mission Section. 17, 

Measurement, accurate, need for. G. A. Cheetham, (p), 57. 
of small powers by sensitive wattmeter. N H Searby 
(p),. 205; (d), 716. 

Measuring instruments, history of. F. G. Baily, (p), 65. 

Medal, Coopers Hill. [See Coopers Hill.) 

J Faraday. [See Faraday.) 

--, Kelvin. [See Kelvin.) 
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Meetings. (Also see Informal, Meter Section, Summer, 
Transmission Section, and Wireless Section.) 

-, discussions at. 238. 

-, introduction of visitors at. 119, 

Melling, C. T. Electric warming, etc., of large buildings. 
(D), 624. 

Member, Honorary. {See Honorary.) 

Members, list of: copies available. 238. 

-overseas. {See Overseas.) 

Mercury turbines, progress in. I. V. Robinson, (p), 291. 
Mercury-vapour rectifier. {See Rectifier.) 

Messent, J. Electric warming, etc., of large buildings. 
(D), 537. 

Meter and Instrument Section; chairman’s address. J. T. 
MacGregor-Morris, (p), 341. 

-and Instrument Section Premiums, award of, for 1934- 

35. 718. 

-and Instrument Section, proceedings of. 240. 

- departments of supply undertaldngs. J. L. Ferns, 

(p), 369; (d), 379. 

-, quantity, Grassot fluxmeter as. E. W. Golding, 

(p), 113. 

-, supply, improvements. G. A. Cheetham, (p), 59. 

Metering in factories. R. G. Devey, (p), 33. 

Metz, G. L. E. Forces between conductors during short- 
circuit. (d), 456. 

Microscope, low-voltage electron, discussion on. 111. 

Miller, J. L. 

High-voltage gas-filled cathode-ray oscillograph, (d), 666 . 
Sensitivities of gas-focused cathode-ray oscillographs. 
(d), 666. 

Miller, J. L., and Robinson, J. E. L. Cathode-ray oscillo¬ 
grams of surges, (d), 236. 

Mines, electricity in. L. E. Mold, (p), 46. 

Minshull, O. W. Electricity on board ship, (d), 269. 
Minter, R. W. Magnetostriction echo depth-recorder, (d), 
565. 

Moisture films, resistance of. W. M. Thornton, (p,) 2. 
Mold, L. E. Address as chairman of North-Eastern Centre. 
45. 

Molecules, bombardment of, by electrons. W. M. Thornton, 
(P), 3. 

Monkhouse, a. 

Awarded'Paris Exhibition {1881) Premium. 717. 
Electrical developments in U.S.S.R. (p), 601; (d), 640. 
Motors, Electric. 

Breakdowns of electric motors, J. S. Lilly, (p), 79. 
Development. R. G. Allen, (p), 67; F. G. Baily, (p), 63; 
R. Hodge, (p), 37. 

Flow of energy in armature, W. M. Thornton, (p), 8 . 
Induction motor for ammonia compressor, A. L. 
Fielding, (d), 613. 

Motors for S. African railways. J. H. Sprawson, (p), 
583. 

- on ships. C. W. Saunders, H. W. Wilson, and 

R. G. Jakeman, (p), 248, 

-, synchronous, inherent instability of, discussion on, 

337. 

-, types of, for different machines. R. G. Devey, (p), 31. 

Mullard, S. R. 

Address as chairman of Wireless Section. 10. 
Development of receiving valve, (p), 10. 

N. 

National certificate examination results. 239. 

Naylor, F. S. Electric warming, etc., of large buildings. 

(d), 527. \ 

Nelson, J. E. Electrical developments in U.S.S.R. (d), 633. 
Nettleship, T. G. P Electrical developments in U.S.S.R. 
(D), 640. 


Network fault resistance. J. L. Carr and H. Shackleton, 
(p), 222. 

New South Wales, members’activities in. 119. 

Newcombe, S. F. Electric warming, etc., of large buildings. 

(d), 510. 

Nicholls, F. 

Electric warming, etc., of large buildings, (d), 538. 
Electricity on board ship, (d), 266. 

Nielson, J. F. Electricity on board ship, (d), 277. 

Nixon, J. H. R. Electricity on board ship, (d), 267. 

Noble, H. R. Research in British Post Office, (d), 340. 
Noel, — . Electrical developments in U.S.S.R. (d), 633. 
Norris, E. T. Voltage and power factor control on inter¬ 
connected systems, (d), 366. 

Notes, Institution. 119, 238, 346, 468, 699, 717. 

Nuttall, a. K. 

High-voltage gas-filled cathode-ray oscillograph, (d), 670. 
Sensitivities of gas-focused cathode-ray oscillographs. 
(D), 670. 

O. 

Ockenden, F. E. j. Meter departments of supply under¬ 
takings. (d), 384. 

Oil fuel consumption, estimated, of large buildings. R. Grier¬ 
son and D. Betts, (p), 466. 

- , transformer, conduction through. J. F. Gillies, (p), 

647. 

Oliver, A. Electricity on board ship, (d), 275. 

Operation, parallel, of power stations. O. Howarth, (p), 
353; (D), 364. 

Oscillators, magnetostriction, and echo depth-recorders. 
A. B. Wood, F. D. Smith, and J. A. McGeachy, (p), 
550; (d), 563. 

Oscillograms, cathode-ray, of surges, discussion on. 236. 
Oscillograph, gas-focused cathode-ray, sensitivities of, dis¬ 
cussion on. 666, 

-, high-voltage, gas-filled cathode-ray. S. P. Smith, 

C. E. SzeghS, and E. Bradshaw, (p), 666 ; (d), 666 . 

- improvements. G. A. Cheetham, (p), 69. 

Oswald, T. D. Tapping the high-tension grid, (p), 453. 
Overhead lines. {Also see Transmission.) 

-lines, cheap. R. Borlase Matthews, (p), 22. 

-lines, wind pressure on. (E.R.A. Report.) (p), 677. 

Overseas committees, constitution of. 119. 

-members, activities of. 119, 458. 

-members, attendance register of. 119,717. 

-members and Transmission Section papers. 599. 

-members, communications from, on papers. 468. 

-members visiting this country. 458. 

-Premium awarded to F. T. M. Kissel. 718. 

P. 

Page Prize, 1934, awarded to J. H. Sprawson. 119. 

Pallot, a. C. Electric warming, etc., of large buildings. 
(d), 514. 

Pantographs for S. African railways. J, H. Sprawson, (p), 
680. 

Parallel operation of power stations. {See Interconnected.) 
Paris Exhibition (1881) Premium awarded to A. Monkhouse. 
717. 

-H.T. Conference, 1935, date of. 468, 

Parker, W. A. H, Electric warming, etc,, of large buildings. 

(d), 523. 

Parr, G. 

High-voltage gas-filled cathode-ray oscillograph, (d), 672. 
Sensitivities of gas-focused cathode-ray oscillographs. 
(D), 672. 

Paton, G. K. Hydro-electric development in Gt. Britain. 
(D). 167. 
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Paul, C. S. T. Hydro-electric development in Gt. Britain. 
(d), 710. 

Pausey, E. B. Electrical developments in U.S.S.R. (n), 632. 
Peake, C. V. Electricity on board ship, (d), 270. 
Peat-bnrning power stations in Russia, A. Monkhouse, (p), 
603. 

Peck, J. S. Electrical developments in U.S.S.R. (d), 634. 
Pelham, Sir Henry. Speaking at Annual Dinner, 1936. 450. 

Permeability, a.c., measurement of. C. E. Webb and L. H. 
Ford, (p), 185. 

Perry, F. R., Allibone, T. E., and Hawley, W. G, 

Awarded a Premium. 718. 

Cathode-ray oscillograms of surges, (d), 237. 

Phillips, L. W. Electrical developments in U.S.S.R. (d), 
630. 

Photo-electricity. R. G. Isaacs, (p), 92. 

Physics, modem, and electrical engineering. R. G. Isaacs, 
(p), 91. 

Pickard, H. Electric warming, etc., of large buildings. 
(d), 526. 

Poles, Russian standard wooden. A. Monkhouse, (p), 624. 
Pomeroy, W. H. Electricity on board ship, (n), 274. 
Poole, R. Awarded a Premium, 718. 

PooLEs, F. H. Electric warming, etc., of large buildings. 
(D). 637. 

Porter, E. W. Electrical developments in U.S.S.R, (d), 636. 
Post Office, British, research in, discussion on. 339. 

Power factor control on interconnected systems. O. PIow- 
ARTH, (p), 353; (d), 364, 

- factor of transformer oil. J. F. Gillies, (p), 647. 

-stations. {See Power Supply.) 

Power Supply. 

Change-over, d.c. to a.c., experiences in. J. S. Lilly, 
(P), 79. 

Control of voltage and power factor on interconnected 
systems. O. PIowarth, (p), 353; (d), 364. 

Electrical developments in U.S.S.R. A. Monkhouse, 
(p), 601; (d), 628. 

Generation and distribution of electricity on ships. C. W. 
Saunders, H. W. Wilson, and R. G. Jakeman. (p), 
241; (d), 258, 567. 

High-Tension Conference, Paris, 1935, date of. 458. 
Plydro-electric development in Gt. Britain. A. S. Valen¬ 
tine and E. M. Bergstrom, (p), 125; (d), 158, 709. 

In wake of grid. L. E. Mold, (p), 45. 

Modern Continental practice in supervisory control 
systems, discussion on. 716. 

Power stations and their equipment, progress in. I. V. 
Robinson, (p), 289. 

Recent practice in power supply. D. FI. Davies, (p), 87. 
Tapping the high-tension grid. T. D. Oswald, (p), 453. 
Voltage variation at consumers’ terminals. E. B. Wed- 
more and W. S. Flight, (p), 685. 

Pratt, A. J. Research in British Post Office, (d), 339. 
Premiums for 1933-34, presentation of. 117. 

- for 1934-35, award of. 717. 

Prescott, J. C., and Richardson, J. E. 

Awarded a Premium. 718. 

Inherent instability of synchronous machinery, (d), 338. 
Price, B. L. Electric warming, etc., of large buildings, (d), 
■ d24, I 
„ Price, :T.W. 

; High-voltage gas-filled cathode-ray oscillograph, (d), 672. 
Sensitivities of gas-focused cathode-rar'- oscillographs. 
^ Id), 672. 

Prize. (See Coopers Hill and also Page.) 

Proceedings of Informal Meetings. 239. 

~ of Meter and Instrument Section. 240, 

--of the Institution. 117, 345. 

——-.of Transmission Section. 240. 


Proceedings of Wireless Section. 346. 

Progress Reviews. 

Power stations and their equipment. 1. V. Robinson, 
(p), 289. 

Radio-telegraphy and radio-telephony. A. S. Angwin, 

(P), 177. 

Telegraphy and telephony. B. S. Cohen, (p), 169. 
Propulsion, electric, on ships. C. W, Saunders, H. W. 

Wilson, and R. G. Jakeman, (p), 250. 

Protection, overcurrent, of immersion heaters. R. Grierson 
and D. Betts, (p), 481. 

Protective apparatus, improvements in. G. A. Cheetham, 
(p), 69. 

- apparatus of Grampian Electricity Supply Co. A. S. 

Valentine and E. M. Bergstrom, (p), 165. 

-gear for Russian transmission lines. A. Monkhouse, 

(P). 623. 

Q- 

Quantity meter, Grassot fiuxmeter as. E. W. Golding, (p) , 

113. 

Queensland, members’ activities in. 119. 

R. 

Radio telegraphy and telephony. {See Wireless.) 

Radley, W. G. Solution of stray-current electrolysis, (d), 
577. 

Railways. {See Traction, Electric.) 

Rainfall map of Gt. Britain. A. S. Valentine and E. M 
Bergstrom, (p), 126. 

Rawll, R, H. 

Electric warming, etc., of large buildings, (d), 630. 
Electrical developments in U.S.S.R. (d), 639. 

Electricity on board ship, (d), 270. 

Flydro-electric development in Gt. Britain, (d), 165. 
Rayner, E. H. 

High-voltage gas-filled cathode-ray oscillographs, (d), 672. 
Sensitivities of gas-focused cathode-ray oscillographs. 
(D), 672. 

Reactance, calculable; design, etc., of resistors of. N. F. 
Astbury, (p), 389. 

Recorder, depth-, magnetostriction echo. A. B. Wood, F. D. 

Smith, and J. A. McGeachy, (p), 550; (d), 563. 
Rectification, principles of. R. G. Isaacs, (p), 93. 

Rectifier circuits, hot-cathode mercury-vapour, discussion 
on. 421. 

-, grid-controlled, with zero-point anode. G. I. Babat, 

(p), 397. 

— —, history of. F. G. Baily, (p), 65. 

—^—, Marx-type, discussion on. 407. 

-, mercury-vapour. E. L. E. Wheatcroft, (p), 62. 

Redmayne, Sir Richard. Speaking at Annual Dinner, 
1935. 450. 

Redmill, R. H. Electrical developments in U.S.S.R. (d), 
635. 

Refrigeration machinery on ships. C. W. Saunders, H. W. 

Wilson, and R. G. Jakeman, (p), 245. 

Regulation, voltage, theory of. E. B. Wedmore and W. S. 
Flight, (p), 696. 

Regulations for electricity supply. R. Borlase Matthews, 
(P). 19- 

Reid, R. Electricity on board ship, (d), 265. 
Representation of Institution on other bodies. 122. 
Research and post-graduate students. J, T. MacGregor- 
Morris, (p), 344. 

Research Association, Electrical. 

Copper losses in large cables, (p), 299; (d), 707. 

Voltage variation at consumers’ terminals. E. B. Wed¬ 
more and W. S. Flight, (p), 685. 

Wind pressure on overhead lines, (p), 677'. 
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Research, electrical, in Russia. A. Monkhouse, (p), 628. 

-in British Post Office, discussion on. 339. 

—^—, radio, pi'ogress in. A. S. Angwin, (p), 183. 

Resistance, a.c./d.c., of large cables at power frequencies. 
(E.R.A. Report.) (p), 299. 

- , network fault. 'J. L. Carr and H. Shackleton, (p). 

222 . ■ 

-of moisture films. W. M. Thornton, (p), 2. 

•-- of transformer oil. J. F. Gillies, (p), 647. 

-standard, 4-terminal 2 000-amp. A. H. M. Arnold, 

(P), 95. 

-, thermal, of 3-core screened and S.L.-type cables, H. 

Waddicor, (p), 195; (d), 594. 

Resistors of calculable reactance, design, etc., of. N. F. 
Astbury, (p), 389. 

Restriking-voltage rates of rise. C. H. Flurscheim, (p), 323. 
Reviews of progress. {See Progress Reviews.) 

Reynolds, E. A. Electric warming, etc., of large buildings. 
(d), 527. 

Reynolds, R. D. Electric warming, etc., of large buildings. 
(d), 522. 

Richardson, H. W. Electricity on board ship, (d), 269. 
Richardson, J. E., and Prescott, J. C. 

Awarded a Premium. 718. 

Inherent instability of synchronous maclrinery. (d), 338. 
Ritson, T. Electric warming, etc., of large buildings, (d), 
536. 

Robb, A. M. Electricity on board ship, (d), 570. 

Robertson, A. P. Hydro-electric development in Gt. 
Britain, (d), 163. 

Robinson, B. C. Electric warming, etc., of large buildings. 
(d), 523. 

Robinson, D. M. Awarded Sebastian de Ferranti Premium. 
718. 

Robinson, I. V. Power stations and their equipment, 
progress in. (p), 289, 

Robinson, J. E. L., and Miller, J. L. Cathode-ray oscElo- 
grams of surges, (d), 236. 

Ross, T. M. 

Electric warming, etc., of large buildings, (d), 530. 

Ross, T, W. 

Electrical developments in U.S.S.R. (d), 633. 

Rowell, P. F. Presentation of Croix d’Officier de la L4gion 
d'Honneur, at Annual Dinner. 346, 450. 

Royle, W. Electricity on board ship, (d), 270. 

Rural electrification, prospects for. R. Borlase Matthews, 
(p), 17. 

Rushworth, D. C. Electrical developments in U.S.S.R. 
(d), 635. 

Russell, A. Vote of thanks to Prof. Thornton for presiden¬ 
tial address. 118. 

Russia, electrical developments in. A. Monkhouse, (p), 
601; (D), 628. 

Ryburn, R. S. Electrical developments in U.S.S.R. (d), 
639. 

s. 

Sanders, H. C. Electric warming, etc,, of large buildings. 
(d), 521. 

Sanderson, D. H. S. Electric warming, etc., of large build¬ 
ings. (d), 525. 

Saunders, C. W., Wilson, H. W., and Jakeman, R. G. 
Awarded a Premium. 718. 

Electricity on board sliip. (p), 241; (d), 282, 572. 
Saunders, S. McI. Electric warming, etc., of large buildings. 

(D), 520. -X 

Say, M. G. V 

Electrical developments in U.S.S.R. (d), 638. | 

High-voltage gas-filled cathode-ray oscillograph, (d), 676. 
Sayers, F. M., and John, W. J. Awarded a Transmission 
Section Premium. 718. 


Science and electrical industry. R. Hodge, (p), 35. 

Scott, E. Kilburn. 

Electric warming, etc., of large buildings, (d), 516. 
Electrical developments in U.S.S.R. (d), 631, 637. 
Hydro-electric development in Gt. Britain, (d), 162. 
Scott-Maxwell, I. S. liigh-voltage gas-filled cathode-ray 
oscillograph, (d), 675. 

Searby, N. H. 

Awarded Silvanus Thompson Premium. 718. 

Precision wattmeter for small powers, (p), 205; (d). 716. 
Secretary, I.E.E. (P. F. Rowell). Presentation of Croix 
d’Officier de la Legion d'Honneur, at Annual Dinner. 


346, 450. 

Seddon, E. 

Electric warming, etc., of large buildings, (d), 532. 
Electrical developments in U.S.S.R. (d), 638. 

Seewer, P. W. Flydro-electric development in Gt. Britain. 


(d), 162, 709, 712. 

Shackleton, H., and Carr, J. L. Network fault resistance, 
(p), 222. 

Shand, W. L. Electric warming, etc., of large buildings. 
(d), 510. 

Ships, electricity on. C. W. Saunders, H. W. Wilson, and 
R. G. Jakeman. (p), 241; (d), 258, 567. 

Short-circuit, forces between conductors during, discussion on. 


455. 


Shotter, G. F. Meter departments of supply undertakings. 
(d), 380. 

Sills, G. F. 

Electricity on board ship, (d), 271. 

Flydro-electric development in Gt. Britain, (d), 709. 

Sims, L. G. A. Electrical developments in U.S.S.R, (d), 640. 

SiviouR, S. R. 

Electric warming, etc., of large buildings, (d), 526. 

Electrical developments in U.S.S.R. (d), 637. 

Skin effect in conductors. (E.R.A. Report.) (p), 313. 

Slee, j. a. Magnetostriction echo depth-recorder, (d), 563. 

Sloan, R. P. Speaking at Annual Dinner, 1935. 450. 

Smith, F. D., McGeachy, J, A., and Wood, A. B. Magneto¬ 
striction echo depth-recorder, (p), 550; (d), 565. 

Smith, S. B, Design of spaced-aerial direction-finders. 
(d), 444. 

Smith, S. Parker, Szegho, C. E., and Bradshaw, E. High- 
voltage gas-filled cathode-ray oscillograph, (p), 656; 


, (d), 674, 676. 

Smith, William F. Electricity on board ship, (d), 275. 
Solid dielectrics, electrical breakdown of. W. M. Thornton, 
(P). 7- 

Sounding, depth-, by magnetostriction oscillations, A, B. 
Wood, F. D. Smith, and J. A. McGeachy, (p), 650; 
(d), 563. 

Spary, P. G. Address as chairman of Hampshire Sub- 
CftTltTR 74 


Specification, Government Department, for instruments. 
G. A. Cheetham, (p), 57. 

-, rural transformer. R, Borlase Matthews, (p), 20. 

Specifications, standard, co-operation in preparation of. W. 

Burton, (p), 41 . 

Sprawson, J. H. 

Awarded Page Prize. 119. 

Cape Town-Simonstown electrification of S. African 
railways. . (p), 579. 

Stabilizing of high-frequency power amplifiers. J. Greig, 
(p), 702. 

Standardization of meter-testing instruments. J. L. Ferns, 
(P), 370. 

Steam drive, conversion of, to electric. R. G. Devey, (p), 28. 
Stevenson, A. B. Electric warming, etc., of large buildings. 
(d). 520. 

Stewart, J. Superheterodyne first-detector valves.: (p). 


227 . 
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Stray-current electrolysis. C. M. Longfield, (p), 101; 
(D), 577. 

Stronach, H. M. Hydro-electric development in Gt. Britain. 
(D), 164. 

Students, advice to. P. G. Spary, (p), 74, 

-, electrical engineering, training of. J. T. MacGregor- 

Morris, (p), 341. 

-’ Sections, Rules for. 119. 

Summer Meeting, 1935, announcement of. 599. 

Sumner, J. A. Electric warming, etc., of large buildings. 
(d), 529. 

Supervisory control and Grampian supply. A. S. Valentine 
and E. M. Bergstrom, (p), 157. 

-control systems in Russia. A. Monkhouse (p), 624. 

—- control systems, modern Continental practice in, dis¬ 

cussion on. 716. 

Surface insulation. W. M. Thornton, (p), 2. 

Surges, cathode-ray oscillograms of, discussion on. 236. 
Sutton, (Miss) L. M. Electric warming, etc., of large build¬ 
ings. (d), 527. 

Swale, W. E. 

Electric warming, etc., of large buildings, (d), 518. 
Electrical developments in U.S.S.R. (d), 634. 

Swift, G. E. 

Electric warming, etc., of large buildings, (d), 538. 
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‘from these figures, it can be said that a 132 000-yolt line 
• in that particular district would be liable to 3 surges 
per annum of the order of 1 000 000 volts. Using 
this as a typical example, and taking into account the 
fact that there are many more surges of smaller magni¬ 
tude and that those exceeding 1 000 000 volts might rise 
to considerably higher voltages on over-insulated lines, 
it will be realized that transformers connected to systems 
in such lightning districts have to operate under severe 
conditions. In countries (such as Malaya*) where the 



Microseconds 

Fig. 1. 


(i) Infinite rectangular wave. 

(ii) 0'4-14 microsecond wave, 

ei = l-025(e-o-06xlOot _ e-lfixm). 

<iii) 6-30 microsecond wave, 

= 1-22 (£-0-03x100* — g-0-65xl0fi«). 

(iv) Insulator-chopped wave, 

=2e-i-5xl06* _ I.61e-I6xi00* _ o-39e-0-ixio''<- 

lightning season is more rigorous than in the case con- 
m^ered, the position is even worse. In isolated instances 
Htvry diigh voltages indeed have been measured, and 
Pittman and Torokf show an oscillogram of a surge 
which rose to 5 000 000 volts in less than 2 microseconds. 

Evidence shows that lightning transients can be 
positive, negative, or oscillatory, though generally the 
unidirectional (as shown in Fig. 1) or mainly unidirec¬ 
tional ones predominate. Positive waves are of more 
frequent occurrence and are not usually so severe as 
those of negative polarity. 

In general, the time taken to pass a point on the line 
varies between a few microseconds and 60 microseconds, 
and the time to reach maximum value ranges from a 

* See Bibliography, (6). t Ibid., (7). 


fraction of a microsecond to several microseconds, a 
rate of voltage-rise of 1 000 kV per microsecond being 
typical. As an extreme example, for the 5 000-kV surge 
already mentioned the rate of voltage-rise was approxi¬ 
mately 4 000 kV per microsecond, and it was estimated 
that the rate must have been of the order of 10 000 kV 
per microsecond at the point of origin. 

Regarding switching surges, an analysis of the data 
obtained on the five systems already referred to shows 
that, out of 724 surges, only 422 reached twice or more 
than twice normal voltage, and only 40 reached four 
times or more than four times normal. The maximum 
vqltage recorded was 5 • 5 times normal, and this only 
applied to two surges. This type of surge is usually 
oscillatory, with a magnitude depending on whether 
the line is being energized or de-energized.* 

Surges due to arcing earths-j- have been shown to reach 
from three to four times normal line voltage. Like the 
switching surges they are usually oscillatory. 

From this very brief resume of our present experi¬ 
mental knowledge regarding surges or travelling waves 
on transmission lines, which is typical of all analy¬ 
ses made on other systems in other parts of the world, 
it is evident that lightning plays the most important 
role. 

Lightning surges can originate either from a direct 
stroke on to the line or from an induced charge. (An 
approaching charged cloud induces a charge of opposite 
polarity on the line, which is released in the form of a 
travelling wave when the clouii discharges to earth or 
to another cloud.:};) There appears to be a great deal of 
conflicting evidence as to the relative magnitudes and 
the frequency of occurrence of these two sources, but 
engineers are practically agreed that the direct stroke is 
by far the more important§ and that the induced stroke 
is important only on low-voltage lines. For instance, 
on one particular 220-kV line, 70 per cent of the trip-outs 
that occurred during one period were definitely due to 
direct strokes, the remainder being due either to direct 
strokes of low current magnitudes or to induced charges. || 

Many systems are equipped with earth wires, and 
whilst the latter have the effect of reducing the magni¬ 
tude of a wave resulting from an induced charge, the 
conductors are still open to direct hit (though naturally 
to a less extent), side flash from an earth wire, or flash- 
over across an insulator string. To obtain the maximum 
benefit from their use, earth wires must be mounted well 
above the conductors (in which case the expected 
increased freedom from direct strokes to a conductor 
is ofiset by the fact that the earth wires or the towers 
are open to a greater number of direct strokes), the 
span must be short, the lines must be low, and the 
tower footing resistance must be a minimum.The 
degree of surge immunity obtainable is therefore to a 
large extent a question of economics. 

It is not the purpose of this paper, however, to discuss 
the origin of lightning surges; the analysis given later 
deals with the waves when they reach the circuit under 
examination, and it is quite immaterial here how they 
originated. The immediate requirement, therefore, the 
general characteristics of these waves having been con- 


* See Bibliography, (8). 
t Ibid., (11) and (12). 

II Ibid., (5). 


t Ibid., (8). (9), and (10) 

§ Ibid., (13), (14), (15), and 
M Ibid., (11) 
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sidered, is to express them mathematically, and it will 
be realized at once that they can be written down as 
functions either of time or of distance. Since we are 
concerned with the voltage variations at a transition 
point on the line, it is necessary to express them as time 
functions (as they are measured by the high-speed 
cathode-ray oscillograph), and methods of effecting this 
are considered in Section (3). 

(3) Representation of Lightning Waves by 
Empirical Equations. 

^ It is obvious, as a first approximation, that the 
simplest mathematical representation is the infinite 
rectangular wave, as shown in Fig. l(i). This wave is 
the simplest to use in any analysis and it has the advan¬ 
tage that, by reason of its infinitely steep front and in¬ 
finitely long back, any calculations based on it will give 
results which will be more severe than those met with 
in practice.* Since the characteristic shapes of true 
lightning waves are known, however, it becomes ex¬ 
pedient to include expressions which take account of 
the fronts and tails of finite waves. 

_ Teszner and Barbillion represented the front of a 
lightning wave by means of a Fourier series.| They 
used a sine series of odd terms, but the amount of 
computation required was excessive, because at least six 
terms of the series had to be taken, and probably 
this number would have been insufficient for very steep 
wayes. Simpler methods have been used. Certain 
writers, for example, have employed wedge-shaped 
waves, the fronts being approximately represented by 
the straight-line relation e = Tct.X Others have used a 
single exponential function to represent a wave having 
a rapidly rising front and an infinitely long back, or a 
rectangular front and a falling back. An extension of 
the latter method to two exponential functions allows 
both the front and the back of the wave to be repre¬ 
sented, and Bewley has used this system as the basis 
of all his transient work.§ The great beauty of the 
method lies in the susceptibility of the exponential 
function to treatment by operational methods, which 
are used by Bewley and are adopted as the basis of this 
paper. The expression 


.( 1 ) 

where i > 0, and where a and 6 are real, is therefore 
used to represent the characteristic shape of the lightning 
waves. 

The method may be extended to the use of three 
exponential terms, in order to simulate special wave¬ 
shapes. Such a case is represented by 


— Jlgg-ci. . . (la) 


If a, b, and c, are real, this equation can be made to 
represent a wave which rises rapidly to a maximum, 
falls away rapidly to zero, and then reverses its polarity 


* In a traMformer, for instance, the greater the steepness of wave-front. 
otiiOT things bepig equal, the greater is the concentration of voltage stress, 
Furthw, owing to the fact that a finite though small time is required to cause 
insulataon failure, the chance of such failure is naturally greater the longer the 
back of the wave. 
t See Bibliography, (17). 

i § Ibid.,(12). 


for a relatively long time. Such waves are frequently 
recorded on cathode-ray oscillograms when the voltage 
has been sufficiently high to cause a flash-over on a line 
insulator. 

In this paper four types of travelling waves are used 
and hereafter they will be called incident waves, the dis¬ 
tinguishing figure (i), (ii), (hi), or (iv), being added to 
denote w^hich one is being considered. They are shown 
graphically in Fig. 1.* 

Fig. l(i) shows the infinite rectangular wave. Apart 
from the fact that it imposes the severest test on equip¬ 
ment connected to the line, it is included because it is 
the wave which has been used a good deal by previous 
workers, and thus direct comparison with earlier results 
can be made. It will also be realized that the amount 
of computation required when using equations derived 
from it is less than half that necessary when the equations 
are derived for waves (ii), (hi), and (iv). For this wave 
E = 1, a — 0, and b = oo. 

Fig. l(ii) shows a wave which rises to its maximum 
value in 0 • 4 microsecond and falls away to half value in 
14 microseconds approximately. In this case 

E = 1-025, a = 0-05 X 10®, and 6 = 15 x 10®. 

Fig. l(iii) shows a wave of quite a different type. 
It has a relatively long front (rising to its maximum 
value in 5 microseconds) and a longer back. The length 
from the maximum value to half value is 30 microseconds. 
In this case 

E = 1-22, a = 0-03 x 10®, and b = 0-66 X 10®. 

Fig. l(iv) shows the insulator-chopped t 5 rpe of wave, 
represented by equation (la). In this case = 2, 
E^ = 1-61, F’a = 0-39, a = 1-5 X 10®, 6 = 15 X 10®. 
and c — 0-1 x 10®. This wave rises to its maximum 
value in 0 -16 microsecond, falls away to zero in approxi¬ 
mately 1 microsecond, and then reverses its polarity 
for several microseconds. 


(4) General Equations. 

When any voltage wave (which, as shown in the 
previous section, is to be represented by exponential 
time-functions throughout this paper) and its associated 
current wave i-^, travelling along a line, encounter a 
change in circuit constants at a transition point, such as 
another line or cable of different surge impedance, a 
division of wave energy occurs. Part of the wave, 
and «g, is reflected-j- and part is transmitted throi|gh 
such series impedance as exists at the transition p(^ 
into the next section. When shunt admittance is 
present, such as condensers, transformers, and sub¬ 
stations, part is transmitted to earth; the voltage 
across this admittance, in general, being the same as 


j be seen that the damped oscillatory travellinf? wave has not been 

dealt wiUi, as it is only necessary to consider it when discussing the less important 
switching surges or_ possibly surges in distribution systems induced from the 
h.t. side. Actually it can be formed from (1) by mailing the constants complex, 
but usually it is simpler to use an expression of the form = JS/e-at sin U 
The effect of condensers on tliis type of wave has already been investigated 
by the author in another paper (see Bibliography, 19). ^ 

t rhe line is ^sumed long enough to enable the return of this reflected wave 
from the far end to be neglected. This assumption is quite justifiable becau.se, 
even m a relatively short Ime, the return of this wave will be delayed by many 
nucrosecoiids, and because rapid attenuation (see Bibliography, 20 emd 2X) 

■will make It more or less innocuous when it does arrive ^ ^ 
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the transmitted voltage. If the line terminates at the 
point considered, there is, of course, no transmitted 
wave, the incident wave giving rise only to the reflected 
wave and the terminal voltage to earth. 

In this paper it is the transmitted voltage-wave and 
the voltage to earth that are considered. General 
equations, which are derived in the Appendix, will now 
be given which will enable these voltages to be quickly 
obtained for the circuits dealt with later.* In nearly 
all cases these circuits are assumed concentrated, so 
that only one transition point is considered. 

Fig. 2 represents two lines of surge impedances, 
and Z^ respectively, connected as shown to an arrange¬ 
ment of concentrated circuits whose separate operational 
impedances are designated Za['p), Zb{'P), and Z^{'p), these 
being functions of the resistances r and H, the induc¬ 
tance L, the capacitance G, and the operator p. The 
wave Cjij, entering from the line Z-^, gives rise to a 
transmitted voltage-wave along the line Z^, which, in 
operational or symbolic form, is given by the equation 


. In the first case, after the appropriate substitutions 
have been made, (2) reduces to the form 


2K 


p-p -f- v' 

-^p + y. 

and in the second case it becomes 


. (3) 


2K 


' Xp^ -I- [xp H- 

_ap^ + ^p + yj 


• (4) 


where the coefficients a, /3, y, A, fi, v, are known functions 
of r, R, L, C, and Z, and K is a constant. 

Formulae (3) and (4) are general symbolic equations* 
giving the transmitted voltage-waves in terms of the 
coefficients and the operator p. All the circuits analysed 
here, with two exceptions, lead to symbolic equations for 
the transmitted voltage-waves which reduce to either of 
these two forms. 

The actual solutions, which express the transmitted 


2-2o-2'a(p)^c(p) 


[Z^ -f Z^]z^{p)Zc{p) -f Z^Z^Z^ip) -k Zi{p) -I- Z,{p)] + Zb{p)[Z^Z,{p) -k Z,Za.{p)] + Za(p)Zb{p)Z,{p) 


( 2 ) 


The symbolic equations giving the transmitted 
voltage-waves for all the circuits used in the paper can 
be obtained from (2) by assigning the appropriate 
operational impedances to Za{p), Zb{p), and Zc,{p). After 
such substitution and simplification, the numerator 
and denominator reduce to rational integral functions 
of p, whose coefficients are functions of r, R, L, G, and Z. 

Only two cases are considered here; that where the 
denominator is linear in p, and that where it is quadratic, 
the former applying to circuits having one degree of 
freedom and the latter to circuits having two degrees 
of freedom. Equations for circuits having three degrees 
of freedom, which are less frequently required, are given 
in the Appendix. 


* At this stage it is desirable to draw attention to factors which have some 
bearing on the equations to follow. While formulas for the reflected waves 
from the transition point are not given (and they are only of interest when 
discussing the behaviour of waves on the line), the effect of reflection is in¬ 
herently taken into account in the derivation of the equations. It is incor¬ 
porated therein (as shown in the Appendix) by means of the well-known 
expressions ei = Ziii and eg = — ifiia, the minus sign indicating movement 
in the opposite sense. Zi, the surge impedance of the line, is equal to ^/(L'lC') 
(where 1/ and O' are the inductance and capacitance per unit length of line 
respectively), and is expressed in ohms. These two simple relationslups, which 
are derived from the classical transmission-line theory, presume that the line 
is distortionless or that the leakage and resistances are small compared with 
capacitance admittance and reactance. Apart from the fact that at high 
effective frequencies tlie conductor resistance increases by a varying amount, 
the assumption is in error on account of corona. This increases the effective 
diameter of a wire, so that its surge impedance is decreased and the coupling 
between it and other wires increased; and this effect is complicated by the fact 
that corona, varying with voltage, differs throughout the wave. In addition, 
the power loss associated with it also affects the results. Easily computable 
solutions, taldng into account resistance and leakage, when relatively compli¬ 
cated circuits are connected to the line, cannot be derived, however, and pro¬ 
bably when the resistance and lealcage are variable, as obtains with any high- 
voltage wave, to formulate any solution at all is impossible. It therefore 
becomes necessary to assume that the respective voltage and current waves 
are simply related as stated, and it has been found by various workers that 
equations based on this assumption are in good agreement with practice. 

It should also be pointed out that the equations developed in the paper are 
based on a single-wire system—the earth being the other conductor—so that 
coupling between wires of a multi-phase overhead equipment is neglected (see 
Bibliography, 22), Except when the effects of earth wires or the transposition 
of wires on wave propagation are being studied (see Bibliography, 23), the 
assumption is, in general, valid, although it must be remembered that the 
presence of other wires causes a reduction in the surge impedance of a single 
conductor. This reduction depends on the line configuration and the magni¬ 
tudes of the waves on the other wires, and as a maximum may be of the order 
of 50 per cent. Actually, waves on several conductors are related through the 
self surge impedances and the inter-conductor surge impedances by a set of 
simultaneous equations (see Bibliography, 24), but it is impracticable to obtain 
general solutions using these. 


voltage-waves in terms oRthe coefficients a, y, A, p., v, 
and the time t, will now be given. 



Fig. 2. 


Solutions for Circuits having One Degree of Freedom. 
When the incident wave is given by (1), namely 

the actual solution of the general symbolic equation (3) is 


2KE 


^(y - a^) 
2KE 


^ {y - bp) 


j8(v — ap)e~°'^ — {vP — py)e P 

r**" 

P{v •— — {vP — /xy)e ^ j (6) 


When a third exponential is incorporated in the 
incident wave, such as occurs in wave (iv), a third 
similar term will be subtracted in (6). 

♦ In some respects the phrase " general symbolic equations giving the trans¬ 
mitted voltage-waves" is a misnomer when applied to (3) and (4). These, though 
special cases of (2), and therefore less general than the latter, are still perfectly 
general symbolic equations. They arise in many other problems associated with 
operational methods (the solutions given later will obviously apply in such 
cases). On the other hand, (2) only applies to transmitted voltage-waves in 
the circuit shown in Fig. 2. In order to avoid confusion, however, (2) has 
been termed a “general operational impedance equation,” and (3) and (4) 
are called “ general symbolic equations,” The phrase “ symbolic equation ” 
is applied when the coefficients a, /3, y, X, jx, v, have been replaced by the func¬ 
tions of R, L, O, and Z, appropriate to the particular problem at hand, though 
the term “ operational solution ” is frequently employed in this connection. 
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When the incident wave is infinite rectangular, by 
making a = 0 and b = co, (5) reduces to 


iKET Q , a ^ -^-^1 

~ [v§ - p.y)e . 


( 6 ) 


If a coefficient in the numerator of (3) is absent, it is 
only necessary to put ju. or v equal to zero in (6) or (6). 

Solutions for Circuits having Two Degrees of Freedom. 

In the case of the general symbolic equation (4), two 
actual solutions must be considered, corresponding to 
the aperiodic and oscillatory conditions respectively. 

If the circuit is aperiodic, so that — 4ay is real, 
then, for the case where the incident voltage-wave is 
given by {!), the actual solution is 


where e = arc tan T 

iff(av — yA) 

Where a numerator coefficient in (4) is absent, the corre¬ 
sponding symbol A, //, or v, is pnt equal to zero in (7), 
(8), (9), or (10). On the other hand, the denominator- 
coefficients a and y cannot be neglected, so that equa¬ 
tions based on (3) cannot be derived from those based 
on (4). Further, the solutions do not apply when 
= 4ay. 

The succeeding sections of the paper are devoted tO' 
the development and solution by means of the above 
equations of the special cases of the general operational 
impedance equation which correspond to the several 
circuit arrangements, and in all cases the mathematical 
development is introduced by remarks regarding their 
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where _ ^2 _ 

If the circuit is oscillatory, so that 4ay — is real, 
then for the case where the incident voltage-wave is 
given by (1), the actual solution is 


practical application. Owing to space restrictions,, 
actual solutions when the incident wave is infinite 
rectangular are, except in a few isolated instances, not 
included. Such solutions can always be derived from 
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0 = arc tan (7 ~ ~ - M - 2aa(ai^ - yA) 
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9. 


ifj[b{^A — ajx) 4- {av — yA)] 


As before, the incorporation of a third exponential in 
the incident wave requires the subtraction of a third 
similar term in (7) or (8). 

When the incident wave is infinite rectangular, (7) and 
(8) reduce to (9) and (10) respectively, e.g. 


those obtained with the finite incident waves by pro¬ 
ceeding to the limiting value when a = 0 and b = co;, 
the former thus being special cases of the latter. 
For reasons stated earlier in the paper, however, curves 
based on the infinite rectangular incident wave are- 
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plotted and discussed. Further, in view of their greater 
simplicity, it has been thought desirable to include in 
this section general solutions for this wave, so that 
actual solutions can be directly derived therefrom 
for cases not considered by the author. No actual 
solutions are included for wave (iv), as they can be 
written down, after some manipulation, from the other 
solutions in the manner already indicated. 

It has already been stated that in most of the circuits 
dealt with only one transition point is considered, so 
that connecting leads and the conductors comprising the 
inductances are, in general, assumed short. While this 
is usually admissible with waves (iv), (ii), and (iii), whose 
fronts range from 160 to 5 000 ft. approximately, the 
assumption obviously cannot theoretically hold for 
wave (i), whose front is of zero length. Making this 
assumption, however, for usual circuit constants, the 
difference between results using an infinitely steep front 
and one of the order of 0*1 microsecond, say, is 
small, so that wave (i) can conveniently be regarded as 
having this very steep front. More is said about this 
later. 

(5) The Junction of Lines. 

The junction of two lines or cables, with no series 
impedance or shunt admittance at the junction, is shown 
in Fig. 3. The relationship between the incident 
voltage-wave on the incoming line Z-^, and the trans¬ 
mitted voltage-wave on the outgoing* line Z 2 (which 
is the voltage to earth at the junction) is obtained 
immediately from (2) by substituting therein Zb{p) — 0 
and Zaip) = Ze[p) = co. This gives the well-known 
expression 

2Zo 

n -M - - ^_ 


As p does not appear in this equation, the latter is an 
actual solution, and not a symbolic one. For the same 
reason the incident voltage-wave is transmitted without 
change in shape, although there will be an alteration in 
its amplitude. As overhead lines have surge impedances 
varying from 300 to 600 ohrris (a value of 350 ohms is 
used for illustrative purposes throughout the paper), 
and cables have surge impedances varying from 60 to 
100 ohms, it is seen that in the case of the junction of a 
line and a cable the amplitude of the voltage wave along 
the latter is considerably less than that of the incident 
voltage-wave. 

If there are n outgoing lines of surge impedances 
Z^, Z^, Z^, . . . Z^, the effective outgoing surge im¬ 
pedance is conveniently computed according to the 
parallel-resistance rule, so that the voltage at the 
junction or the separate voltage-wave on each outgoing 
line, is given by 


also applies to the cases where other circuits are con¬ 
nected at the junction. In what follows then, it is 
to be understood that Z^ can represent the equivalent 
surge impedance of any number of outgoing lines, so 
long as there is no series impedance in them. 

The analysis of the junction of surge impedance has 
an important application. It has been shown by 
Boehne* that each phase of a rotating machine under the 
influence of travelling waves behaves as a finite trans¬ 
mission line. He carried out experiments on two 
motors operating at 2 200 volts and 6 600 volts, and a 
24 000-volt synchronous condenser. These machines had 
different conductor and slot dimensions, and it was found 
that the effective surge impedance varied in the different 
designs from 685 to 1 000 ohms per phase, the machine 
with the largest slot having the greatest surge impedance. 

It is to be expected that a machine having one con¬ 
ductor per slot would behave as a finite line. Such a 
machine would offer no other alternative to the wave 
than to travel round the metallic path provided by the 
conductors, so that, except for the end connections, 
coupling between different parts of the winding would 
be small. In the case of windings having several con¬ 
ductors per slot, the coupling between turns will be 
appreciable, though the coupling between coils will still 


g: Q 



Fig. 3. 


be small. Boehne's investigations were carried out 
with machines of this type, and apparently the turn-to- 
tum coupling did not have sufficient effect to prevent the 
winding as a whole behaving as a line. But it is reason¬ 
able to suppose that when the number of conductors 
per slot is large (a mush-wound motor is an extreme 
case), the relatively great distance of the inner wires 
from the iron and the close proximity of the wires to 
each other would cause such increase in coupling that 
the analogy would no longer hold. The tendency then 
would be for a steep-fronted wave to give rise to a con¬ 
centration of voltage stress between the first turns of a 
coil in a manner similar to that occurring in a trans¬ 
former winding. Neglecting effective terminal capaci¬ 
tance, it can be assumed as a good approximation, how¬ 
ever, that, in general, a rotating-machine winding can 
behave as a finite line, and on this assumption the 
voltages at the line terminals and the neutral can be 
estimated. 

A 3-phase star-connected machine, each phase having 




{Z^Z^Z ^.. . ^„) + Z^{{Z^Z^Z^ ...Zn) + {Z^Z^Z^ ... Zn) + [z^z^z ^.., .Z„) d-. . .} 


Thus, the greater the number of lines connected to a 
transition point, the smaller is the amplitude of the vol¬ 
tage wave transmitted into each of them. This statement 

• In describing the lines, the terms incoming and outgoing refer to the 
direction of wave propagation, and are in no way concerned wiQi the 50-cycle 
conditions. 


a surge impedance Z^ connected to three incoming 
lines each of surge impedance Zj, will be dealt with. 
Since most of the circuits dealt with in this paper are 
assumed concentrated, only one transition point exists, 

• See Bibliography, (25), 
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and hence only one reflection occurs. A winding acting 
as a finite line of the order of a fraction of a mile 
in length cannot be assumed concentrated, however, 
and yet it is too short to allow of reflection from the 
far end being neglected. Hence two transition pomts 
must here be taken into account. 

An extreme case of equal infinite rectangular waves 
on each incoming line will be considered. Dealing 
first with an open neutral, each wave on striking 
the appropriate junction between the line and a 
phase of the winding, gives rise to a terminal vol¬ 
tage 2eyZ^I{Z^ -f- Z 2 ). Neglecting attenuation, a wave 
of this magnitude then travels to the neutral, where 
part is transmitted into the other phases and part re¬ 
flected back. At the same time two similar waves are 
transmitted into the phase in question, and these, 
together with the reflected wave in this phase, give rise 
to a neutral-to-earth voltage 4te^Z,J{Z^ -f- Z^) and an 
effective return wave 2e^Z^I(Z^Z^). This wave, on 
reaching the terminal some time later (for winding 
lengths ranging from 0-01 to 0-3 mile, at the propaga¬ 
tion velocity of 10 000 miles per sec. in the slot found 
by Boehne, the time of traverse of a wave varies between 
1 and 30 microseconds) gives rise to an extra voltage of 
Aej^ZjZ^liZj^ -1- Z^)^* Thus, at some instant of time, the 
terminal voltage attains the value 

-h Z^)^ -F 2e^Z.,liZ^ + Z^) 

Further reflections take place which manifest them¬ 
selves as oscillations in time at the points considered. 
(In this ideal case, of course, they will be square-topped 
oscillations.) Since the reflections and transmissions are 
equivalent to effective reflected waves of alternative 
polarities, and since each reflection entails loss to the 
line at the transition point, the terminal and neutral 
voltages fall in an oscillatory manner to a value equal 
to twice the voltage of the incident wave. Thus the 
formulae stated give the maximum voltages attained. 
Earthing the neutral through a resistance Rg = ZJ3 has 
been suggested. This causes the reflected voltage-wave 
in one phase and the two waves transmitted from the 
other phases to cancel out, so that the neutral voltage is 
held down to the same value as the terminal voltage, 
that is -j- Z^). When the neutral is solidly 

earthed, there is no transmission from one phase to 
another and the reflections from the neutral are of 
opposite sign to that of the incident wave. Thus the 
maximum terminal voltage is 2e^Zj{Zj -f Z^), and each 
double traverse of the reflections causes this to decrease 
with time. 

These considerations show that under open-neutral 
conditions, with a wave on each phase (which is a 

* Tliese expressions, and those to follow in this section, are simply obtained 
as follows. Let three waves travel through the winding towards the 
neutral, which is earthed through a resistance Rg Let each reflected wave per 
phase be each transmitted wave in the opposite phases and the 

current flowing to earth through Eg, . Then, as will be evident from 
the Appendix, a consideration of the conditions at a transition point, in this 
case the neutral, gives: = — + = s'Rg = e'^, 

e^ — t'^Z^, and ta-f-iar Manipulation of these equations will 

Show that,^for effective non-reflection, SEg—Z^, and remembering that e,, 
the initial internal voltage-wave, and Sj, the incident voltage-wave on the line, 
are related through e 2 ,~ 2 eiZ 2 /{Zj^-j-Z^), the equations in the text can be 
obtained. Considerations with Eg absent or a wave on one phase only are 
special cases of this analysis. 


practicable assumption), and for Zj^ — 350 ohms and 
Zq= 1 000 ohms, the maximum terminal and neutral 
voltages are 2*25 and 3 times the incident voltage 
respectively; and these figures do not alter much for 
other reasonable values of the constants. They assume 
an infinite rectangular wave and neglect attenuation. 
When the useful length of the back of the incident wave in 
microseconds is less than the time required for a double 
traverse of the winding, or the front longer than this 
time, by virtue of the additive and subtractive effects 
of the internal reflections, the voltages are less than those 
indicated. Attenuation also has the effect of giving 
a further diminution in these voltages. 

The case where there is a wave on one phase only, 
whatever the neutral connections, does not give rise 
to such high voltages. An investigation similar to 
that just indicated shows that always the maximum 
voltage is found at the line terminal and is equal to 
2e,ZJ(Z,+Z^. 

Another interesting point arises from this similarity 
between a machine winding and a finite transmission 
line. The voltage stress between turns under any con¬ 
ditions is controlled by the length of the front of the 
incident wave, not only by virtue of the shunt and series 
capacitances of the winding as in a transformei-, but also 
more directly. Taking an infinite rectangular wave as 
an extreme case, it will be seen that at any instant 
of time a particular turn will be stressed at full voltage 
while the next turn, neglecting induction, will have 
zero potential. Thus full voltage appears progressively 
between individual turns. This inter-turn stress de¬ 
creases with decreasing wave-front slope, and in prac¬ 
tice, owing to losses, there is progressive flattening as 
the wave penetrates the winding. 

These remarks show, therefoi-e, that it is desirable 
to employ some wave-front flattening device to, reduce 
the inter-turn stresses in cases where the machine is 
subjected to surges.* It should also be realized that 
while the insulation to earth in the slot is always 
stronger than the between-turn insulation, breakdown 
to earth is more likely to occur in a rotating machine 
than in a transformer, and on this account it is desirable 
also to obtain amplitude reduction. 


(6) Condenser and Condenser-Resistance 
Circuits. 

The various circuit arrangements to be discussed in 
this section are shown in Fig, 4. Their consideration is 
important, firstly because condensers are frequently used 
as protection against travelling waves, and secondly 
because they represent for transient purposes a wide 
range of engineering equipments such as the busbar 
structures and switchgear of substations and trans¬ 
formers. 

Regarding the representation of a substation by a 
condenser, it is fairly evident that the switchgear tanks, 
the steelwork in close proximity to the line, and the 
considerable number of insulators, have the effect of a 
lumped capacitance to earth provided that the lines in 
the substation are not long. Experimental evidence is 

• See Bibliography, (26). 


TRANSMISSION-LINE ASSOCIATED APPARATUS ON TRAVELLING WAVES. 481 


available in support of this view. Southgate,* for in¬ 
stance, found as a result of oscillograph tests that the 
fronts of waves incident on substations become sloped 
and their amplitudes reduced, and that this effect is 
increased somewhat by the addition of large transformers 
to the busbars. 

The statement that a transformer behaves as a 
capacitance to travelling waves may, however, need 
some explanation. A transformer winding can be 
regarded as a circuit consisting of self-inductance, 
mutual inductance, series capacitance, earth capacitance, 
and resistance. To abrupt impulses the inductance acts 
initially as an open circuit, and the voltage distribution is 
then decided by the series and earth capacitances. From 
the instant of the initial distribution (which gives rise to 
dangerous inter-turn voltages), the inductive impedance 
falls while the capacitive impedances rise, so that an 
internal redistribution of potential proceeds. This is 
evidenced as internal oscillations which are eventually 
damped out as the final distribution, determined by the 
resistance and leakage (assuming an impulse with a 
maintained back), is approached. Experiment shows, 
however, that after the initial charging of the earth 
and series capacitances (which decreases the rate of 
voltage-rise across the transformer) the effect at the 
terminal of these oscillations is slight, and for periods 
of approximately 20 to 40 microseconds, so far as 
external circuits are concerned, the transformer behaves 
essentially as a capacitance to earth. 

Blume and Boyajianf have shown that the effective 
transient earth capacitance of a transformer is given by 
Ce//. = ^/{CgGs), where Cg is the total earth capacitance 
of the winding and Cg is the series capacitance from one 
end of the winding to the other. To obtain absolute 
values of the effective earth capacitance from this 
formula in any particular case needs care,^ and it is 
very desirable to solve the problem by measuring, for 
example, the flattening of the front of a wave incident 
on the transformer. 

(a) Condensers Earthing the Junction of Two or More 
Lines. 

The circuit shown in Fig. 4(a) can represent:— 

(i) A condenser earthing the junction of two or more 
lines or cables. 


(ii) A transfoi'mer with or without a busbar and switch- 
gear system to which two or more lines or cables are 
connected. In this case the transformer might be pre¬ 
ceded by a static condenser, and if the line joining the 
two is short it is legitimate to assume that C-^ is the 
sum of the two individual capacitances. 

(iii) A condenser protecting a large rotating machine 
at the end of a single line. In this case must be 
assigned the appropriate value of approximately 600 to 


—»- ^ Si —► Bo 



Fig. 4. 


1 000 ohms. The equations to be given do not incor¬ 
porate the effect of reflection from the far end of Z^. 
Where necessary this can be taken into account in the 
manner outlined in Section (5). 

The symbolic equation for the voltage across or 
the voltage wave along Z^ is obtained from (2) by 
substituting Zaip) = l/(pCi). Zb{p) = 0, and Zc{p) = oo, 
so that 

2^2 

~ Z, 4- ^2 + PG^Z^Z^^ 

This particular symbolic equation is of the type given 
by (3), so that when /x = 0, v — I, jS = Z-^ZJd-^, 
y ^ Z-^-\- Zg. and K — Zg, are substituted in (6), the 
actual solution is obtained for all cases where the 
incident waves are given by (1). It is 


6o 


2 Z 2 B 


I— ZxA-Zj ^ 

g—ai — g CiZiZz — 


Z^ -|- Zg — aG-^ZjZ^ 
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bOiZ^Zg u. 


c—bi 


■ CxZxZ 



• (11) 


* See Bibliography, (27). 
t /hid., (28). 

■j There are many factors wMoh contribute to the difficulties in the numerical 
evaluation of this expression. The determination of 0,, which is usually of 
the order of a few micromicrofarads only, is rendered difficult by the fact that 
the dielectric is non-homogeneous, that the electric field is complicated by 
conductors, and that end rings may or may not be employed. In the case 
of Cff, which is of the order of O-OOl mici-ofarad, extraneous capacitances have 
to be partly allocated to Cg itself and partly to Gejf. Unless considerations 
such as these are carefully taken into account it will be found that the calculated 
value of will differ considerably from that determined by the oscillograph 
Similar remarks apply to the expression 


which gives the voltage gradient at the line end of the winding for infimte 
rectangular incident waves. The whole question of internal phenomena in 
transformer windings, which is just touched upon in this section, _h^ been 
dealt with by many writers. For representative present-day opinion see 
Bibliography, (29) to (36) inclusive. 


This equation is plotted for various values of (7^ and 
for wave (i) in Fig. 6. It will be seen that a capacitance 
of 200 micromicrofarads gives a negligible amount of 
wave-front flattening. As the capacitance to earth of 
the terminal of a large 100 000-volt transformer is only 
of the order of 200 micromicrofarads, the claims fre¬ 
quently put forward that condenser terminals are useful 
for wave-front flattening are optimistic. Condensers 
having a capacitance of 1 000 micrpmicrofarads have 
often been suggested as satisfactory for this purpose, 
but it will be seen that they can only give a flattening 
up to O'76 microsecond. It is only when the value of a 
pure capacitance exceeds 3 000 micromicrofarads that 
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there is any considerable flattening, and with incident 
waves having less steep fronts (like wave iii) this value 
may not have much effect. 

It is also evident that any outgoing h.t, cables, by 


substation can be more readily neglected when the 
longer-fronted waves are used. This statement is con¬ 
firmed by Southgate, who definitely found that in small 
substations, at any rate, no appreciable difference in 



Fig. 5. —^Transmitted voltage-waves when the junction of two lines is earthed through a 
condenser as in Fig. 4(a). Infinite rectangular incident wave. 

(a) Cl ~ 200 /i/xF, Zi = Zz — 360 fl. 

(M Cl = 1 OOO mm-F, Zi = Z 2 = 350 n. 

(c) Cl =» 3 000/x/xF, ^Ti = = 350 n. 

id) Cl = 5 000 /x/xF, Zi == Zi = 350 £2. 

M Cl *= 16 000 /x)xF, Zi = Z<t = 350 ii. 
if) 01 = 5 000 la/xF, Zi = 360 £1, Zi = 60 O. 

(g) c' in Fig. 4(6). Ci = 6 000 ,xixF, JSi = 200 O, Zi = Zi = 360 n. 


virtue of their lower surge impedance, will have a 
voltage considerably less than the incident voltage 
impressed upon them. It thus follows that the con¬ 
nection of such cables to a substation will reduce the 
total voltage developed on it. 


wave-shape exists in different parts of the station. In 
addition, by employing incident waves with finite 
backs, comparisons between the crest values can now be 
made. The most important point to note is that it 
requires very large values of capacitance to reduce the 



Fig. 6.—^Transmitted voltage-waves when junction of two lines is earthed through a condenser as in 

Fig. 4(a). 0* 4-14 microsecond incident wave. 

Zi=Zi= 360 £2. (a) Ci = 200 jixuxF. (6) Ci = 1 000 /x/xF. (c) Ci = 6 000 fx/xF, (d) Cx ~ 15 000 /x/xF. (*) in Fig. 4(6). Ci = 6 000 fx/xF; jKi = 200 a. 


For waves (ii), (iii), and (iv), and for various values 
of C^, (11) is plotted in Figs. 6 and 7. The remarks 
previously made regarding wave-front flattening, apply 
here, but the curves are much more useful for several 
reasons. For instance, when a substation is regarded 
as a condenser, the finite lengths of the lines inside the 


crest value of the surge by any appreciable amount, 
except in the case of the insulator-chopped wave. In 
addition, the back of the wave, even with quite appre¬ 
ciable values of the earth capacitance, is not lengthened 
a great deal. 

So far, the author has been unable to trace much 
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experimental data on the effective capacitance to surges 
of transformers and substations. Scattered records do 
exist, however, and it is interesting to make some 
comparisons between the experimental results of South- 
gate and the figures here obtained mathematically. 
Southgate’s tests were carried out on a 132/220-kV 
substation, the particular bank of transformers under 
investigation being three 30 000-kVA single-phase units 
with solidly earthed neutrals. With all the busbars, 
circuit breakers, and the transformer bank, in circuit, 
it was found that the 5 • 5-microsecond front of the 
incident wave was increased to approximately 10-6 
microseconds with a reduction in amplitude of 35 per 
cent. With the transformer bank and its busbar alone 


capacitance per phase of the order of 0-01 to 0-02 
microfarad, and that the corresponding figure for a large 
power transformer with its busbars would be 0-003' 
microfarad. 

That the latter is of the right order of magnitude has 
been confirmed experimentally by the author. For an 
11 000-volt 500-kVA transformer the effective earth 
capacitance per phase was 0*001 microfarad, and for 
an 11 000-volt 50-kVA transformer it w^as 0*0005 
microfarad. McEachron* also quotes the case of an 
8 000-kVA transformer having an earth capacitance of 
0*0014 microfarad. 

Other writers also have suggested figures, f and 
although no details are given regarding their derivation 



Fig. 7.—^Transmitted voltage-waves when the junction of two lines is earthed through a condenser as in Fig. 4(a). 

Zi = Zi=55Qn. 

(a) <7i = 1 000 1 

(b) Cl = 6 000 |u.;u,F 15-30 microsecond incident wave. 

(c) Cl = 16 000 ix/j.'P J 

id) Cl = 6 000 insulator-cliopped wave. 


in circuit, the front was increased to 6 • 6 microseconds. 
Making an approximate coiLparison with the curves 


Table 1. 


Apparatus 

Capacitance, microfarads 

Maximum 

Minimum 

Average 

Distribution transformers 

0*002 

0*0004 

0*001 

Power transformers 

0*001 

0*0002 

0*0005 

Busbar systems .. 

0*016 

0*002 

0*005 


already given, it would appear that a complete sub¬ 
station of this type might have an effective earth 


it may be interesting to quote some of them here. They 
are shown in Table 1. 

(&) Condensers Closing the End of a Line. 

The circuit shown in Fig. 4(c) may represent the same 
equipments as those given in (i) and (ii) of Section (6a), 
except that the condenser, transformer, or substation, is 
connected at the end of a single line or cable. 

The symbolic equation for the voltage across G-^ is 
obtained from (2) by substituting therein Zn{p) = llipOf), 
Zi{p) — 0, and zdp) =co. In addition, however, as 
Z^ is now absent, the substitution Z^^ ^ ■ must also be 
made.' This leads to the equation 

_ 2 

1 -h pGjZ^^ : 

• See Bibliography, (37). f (38). 
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Fig. 8.—^Voltages to earth at end of a line closed through a condenser as in Fig. 4(c). 

0*4-14 microsecond incident wave. 

Zx = 350 n. (fl) Cl = 200 IJ.I1.-F. (6) Ci == 1 000 tx^F. (p) Ci = 6 000 ,i.^F. 



Zr=35oa. 

(a) Oi= m/x/xF'l ' 

(b) Cl = 1 000 ixfiF >5-30 microsecond incident wave, 

(ci Cl = 5 000 fXfxFj 

(d) Cl = 1 000 fifjiF, insulator-chopped wave. 

(e) Voltage to earth when the condau.ser is earthed through a resistance as in Fig. 4(d), Oi — 1 000 /jl/j.F, 

III = 200 Q, 5-30 microsecond incident wave. 


the actual solution of wloich, when the incident wave is 
given by (1), is* 


2U 

’2 “ 1 - aOA 



t —I 

e“^i 


21! 




^—bt_ 


OiZi 


. ( 12 ) 


_ * Equation (13) could have been obtained immediately by putting .^ 2=00 
m (11). It seemed desirable, however, to make the method quite clear at the 
outset, in order to, cover problems in which the solutions for the cases where 
Zz is present are not obtained first. It should be pointed out that in this and 
similar simplifications it must: always be ensured that the Expansion Theorem 
solution is not invalidated (see Appendix). 


Using waves (ii), (hi), and (iv), (12) is plotted in 
Figs, 8 and 9 for various values of For long-backed 
waves the voltage across the condenser now approaches 
twice the incident voltage, and for wave-fronts and 
values of Oj such that the amount of flattening is rela¬ 
tively small the average rate of rise of this voltage 
is also approximately twice that of the incident wave- 
front. On these accounts, therefore, this circuit is at a 
disadvantage compared with the one shown in Fig. 4(a). 
When the amount of front flattening is relatively large 
(i.e. with- steep-fronted waves and values of Up of the 
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order of 1 000 micromicrofarads, or long-fronted waves 
and very large values of G-j), other things being equal, 
it is approximately twice as great in this case as in Fig. 
4(a). As the voltage amplitude is nearly doubled in the 
present case, however, the two average gradients are 
approximately the same. 

(c) Condensers Earthing the Junction of Two or More 
Lines through Resistance. 

Another aspect of the condenser problem which must 
be considered is the effect of series resistance. It is 


wave (gg in Fig. Ab) transmitted along and the 
voltage (e^ in Fig. 46) across the condenser only. 

Solutions for will be derived first. The symbolic 
equation can be obtained from (2) by putting Zifp) — 0, 
ZJp) =oo, and^;„(p) = i?! -f l/(pCi). so that 

_ 2^2(1 -f- R^pCfj ^ 

-t ^2 + H- Z^B^ + Z^f^ 1 

The actual solution is obtained by substitution in (6) 
where v = 1, [x — /3 = G^{Z^Z^ -i- ZJRj^ •+■ Z^f), 

y — Z^, and K = ^Z^, so that 


2EZ. 


-t ^2 - aGJZ^Z^ -1- Z^B^ -h Z 2 R 1 ) L 


(1 — aBJdJe 


—at 


^1^2 




Z^Z^+ZJR^+Z^^ 


e CiCZiZ^+ZiRx+Z^Ri) 


► 


2EZ. 


“^1 + ^2 - ^OJZ^Z^ -f ZJR^ -h Z^BJ 


(1 - hBJJJe- 


-bt. 


Z^Z^ 


iZx+Zi)t 


Z^Z^ + + '^2-^1 


e Cx(.ZxZ^+ZxRx+ZzRi) (13) 


I 


important for two reasons; firstly, condensers used as 
protection against surges are frequently earthed through 
resistance (more will be said of this later), and secondly, 
there is the inherent earth resistance which varies con- 


Fig. 10 shows (13) plotted for various values of JRj and 
for waves (i) and (ii). It will be seen that the efiect of 
the resistance is such that part of the front of the 
wave is transmitted unchanged, that is, initially the 



Fig. 10.—^Transmitted voltage-waves when the junction of two lines is earthed through a condenser in series 

with a resistance and the voltages across the condenser. 


== 6 000 m/xF, Zx = Z2= 350 O. 

'(a) i?i = 60 n, infinite rectangular incident wave. 
«« Aih\J (0 -Ki = 200 n, infinite rectangular incident wave, 
ej m rig. (c) i?i == 60 n, 0-4-14 microsecond incident wave. 

[d) Rx — 200 U, 0'4-14 microsecond incident wave. 


Cj in Fig. 4(6)-^ 


a j?! = 200 n, infinite rectangular incident wave. 
Rx = 200 a, 0-4-14 microsecond incident wave. 


siderably with locality. In many places a value of 
20 to 60 ohms is obtained, but a not unusual value is of 
the order of 200 to 300 ohms, and with certain soil 
conditions, unless artificial precautions are taken, earth 
resistances of the order of 2 000 ohms are possible.* 

Two cases are considered, namely the voltage across 
the condenser and the resistance, which is the voltage 

* See Bibliography, (39) and (40). 


transmitted wave has the same gradient as the incident 
wave. On the other hand, owing to loss in R^, some 
decrease in the amplitude of the finite wave is obtained 
over that which occurs when there is no resistance. 

The actual solution for for the case shown in 
Fig. 4(d) can be immediately obtained from (13). It is 
shown dotted in Fig. 9 for one set of constants and for 
wave (iii). 
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The symbolic equation for is 



l/(pCi) ^ 

mpG^) + 2 

_2Z2___ 

Z-j^ + ^2 + T ^1-^1 T ^2^l) 


the actual solution of which is 


e 


1 


The inductances are regarded as having no inter-turn 
or shunt capacitance, but their resistances, assumed 
constant, are taken into account. Theoretically this 
latter assumption is in error because the transient 
resistance of a coil differs from the d.c. resistance and 
depends on the equivalent frequency of the wave 
passing through it. Thus the resistance varies during the 
passage of the surge. In the present state of the art 


r 

€2 


2EZa 


Zj -1- ^2 - aO^iZ^Z^ + Z^R^ + Z^j) [_ 


r._ 


(Zi+Z'^)f. 


,~i 


dt __ g _I 

2EZ., 


7 ,. -I- 7 .. 


hn I fz. <7. j >7. s <7 \ 


I — _ (.Zx-^Z^t — j 

_ g Cx{ZxZ2-¥ZxRx+Z2Ri) 


(14) 


For comparison purposes (14) is shown dotted in Figs, 5 
and 10 for wave (i), and in Figs, 6 and 10 for wave (ii). 
It is evident in this case that the rate of voltage-rise 
across the condenser alone is less than that obtained 
when there is no series resistance, and the potentiometer 
effect causes further amplitude reduction when the 
incident wave is finite, 

(7) Inductance and Inductance-Resistance 
Circuits, 

The three different arrangements which will be dis¬ 
cussed in this section of the paper are shown in Fig. 11. 
They deal with air-core inductances having series or shunt 
resistance at the junction of lines or air-core inductances 
at the end of a line. Fig. 11(a) represents, therefore:— 

(i) An inductance or current-limiting reactor inserted 
between lines or lines and cables. 

(ii) An inductance or current-limiting reactor inserted 
in front of a rotating machine where the earth capaci¬ 
tance is small. 

Fig. 11(6) represents arrangements similar to (i) and 
(ii) with the addition of shunt resistance. Fig. 11(c) is of 
minor importance only. 

Regarding Fig. 11(a), and referring to (i), while it is 
unlikely that two lines would be joined by an induc¬ 
tance for surge-protection reasons, such is often 
inserted between a line and a cable. Further, lines 
interconnected through reactors can frequently be 
simulated by this circuit. Referring to (ii), both 
reflection in the machine winding and the earth capaci¬ 
tance of the necessary switchgear (assumed concentrated 
at the line terminal) are neglected. The former can be 
taken care of, if necessary, in the manner indicated in 
Section (5), while it will be evident from Section (9) that 
small values of the earth capacitance are unimportant 
when an impedance Z^ (in this case the winding) is 
present. Thus, this circuit is useful for estimating 
the voltage wave entering a machine preceded by an 
inductance when the earth capacitance is small. When 
the latter is large, the circuits discussed in Section (9) 
must be consulted. 

Regarding Fig. 11(6), the usual reasons given for 
connecting resistance across an inductance coil or 
reactor in a line are, firstly, to prevent oscillation with 
earth capacitance, and secondly, to obtain surge-energy 
loss. Such loss is, however, small. Further, when 
is present, even if capacitance exists there is no oscilla¬ 
tion, so that the use of shunt resistance is unnecessary. 


it is impossible to take into account this variation with 
frequency, but experiment has shown that the resistance 
is generally not high enough to make much difference 
in the results; in fact, ordinary coils ranging in induct¬ 
ance from 200 to 10 000 microhenrys have average 
transient-resistances ranging from 10 to 100 ohms. 

An error also arises owing to the fact that the length 
of the wire comprising the coil may be appreciably 
longer than the front of the wave. With wave (ii), 
which has a front of approximately 400 ft., the error 
is not great and oscillograph records have confirmed 
this view. With a wave having a 5 000-ft. front there 
is practically no error on this account. With very steep- 
fronted waves, like (i), however, the error may be 


Ro 



Fig. 11. 

considerable. Under normal 50-cycle conditions at the 
entrance of the coil there is a counter e.m.f. due to the 
current in the exit turns (and in the others, of course), 
but with a current wave having a very steep front just 
entering the coil there will be no current in the exit 
turns, and hence no counter e.m.f, on this account. 
As the wave penetrates the coil this effect certainly 
decreases, but for a relatively short period of time the 
coil responds with a value of inductance considerably 
less than, the measured value. Experiment shows that 
with practical steep waves having fronts of 0' 1 micro¬ 
second, say, the surge or transient inductance is of the 
order of 86 per cent of the 60-cycle value, 

(a) Inductance, having Series Resistance, Joining Two 
or More Lines. 

The circuit being considered here is shown in Fig. 11(a). 
The symbolic equation for the transmitted voltage-wave 
is obtained by substituting Zaip) — oo, Zjp) = oo, and 
Zj,{p) = r -f- pT, in (2). 
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Thus 


2Zo 




When the incident wave is given by (1), the actual 
solution is 


2Z^E 


Z-y 4" Z^ T — aL 1_ 


I 2i + ^2+>' 

I —at _ - ^ * 




2Z^E 


Z^+Z^ + r-hL 


Zi+Zfi+r~ 

€-**-£ L *■ . (16) 


incident waves. For values of inductance and capaci¬ 
tance which are economic and usual in practice, it is 
apparent that greater wave-front flattening and ampli¬ 
tude reduction are afforded by inductance than by 
capacitance. On the other hand, coils of 7 or 8 turns, 
which are frequently used in practice under certain 
circumstances, have an inductance of the order of 
O’0001 henry as a maximum, and it will be realized that 
their effect must be negligible. It is also evident that 
series- resistance has a beneficial effect in reducing the 
amplitude of the transmitted wave, but that it causes 



Fig. 12.—Transmitted voltage-waves when two lines are joined by an inductance as in Fig. ll(o). 

Infinite rectangular incident wave. 

(«) L »» 200 /iH, r == 0, 350 fi, 

(6) L = 800 ixK, r == 0, Zx^ Z^^- 350 n. 

(c) L *=> 800 U.H., r = 300 n, Zt = Zz— 360 n. 

(rf) i 1000 /xH, r == 0, Zi^Zz= 360 a. 

(<s) i = 6 000 fxH, r = 0, Zx = Zz= 360 n. 

(/ ii = 1000 /xH, r = 0, Zx = 500 a, Zz = 50 Cl. 



Fig. 13.—^Transmitted voltage-waves when two lines are joined by an inductance as in Fig. ll(o). 

O’4-14 microsecond incident wave. 

ifi = ^2 = 360 n. 

(a) L= 200 fxH, r<=0. 

(5) L = 800 jaH, r = 0. 

(c) £ == 1 000 |x,H, r = 0. 

(d) L = 5 000 /xH, r = 0. 

(«) Z, t=i 5 000 /xH, r = 1000 Cl. 


This equation is plotted in Figs. 12, 13, and 14, for 
various values of the circuit constants and for all the 


some decrease in the amount by which the front is 
flattened. 
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(b) Inductance, having Shunt and Series Resistance, 
Joining Two or More Lines. 

When the coil is shunted by a resistance, as in 
Fig, 11(6), the symbolic equation for the transmitted 
voltage-wave is obtained by substituting ZJ'p) = co, 
ZJp) = CO, and Z^ip) == BJr -f pL)I{Rq r pL). 
Thus 

g ^ _ 2^2(igo + r + pL) _^ 

^ + ■2'2 + ^) + pL{Z-^ -f- ,2^2 -f- -Rq) ^ 

For incident waves given by (1), the actual solution of 
this is 


value of the resistance for best all-round results, and in 
the particular case examined this value is approximately 
500 ohms, 

[c) Inductance Earthing the End of a Line. 

Inductance at the end of a line, as shown in Fig. 11(c), 
is chiefly of academic interest. The symbolic equation 
for the voltage across the inductance is 

2pL 

"2 “ -h plf^ 


Z-^-\-Z^-^r-~aL-\-[r — aL) {Z^-^-ZfjJRQ 


Z-j^-fZ^-j-r—bL-jrlr — bL) {Z^J-Zf^jRQ 


/, r—aL'^ 

1 1 

{ Zi+Z^-i-r+i.Zi-fZ'firlTt.o'X 


|c—0!^ _ T 

1-^{Z^+Z^)IR^ 

1 i-t-czi+ifai/ijo r 


/, r—bL\ , 


l+(2,+Zj)/S„ 


1 f Zi+Zi+r+CZi+Z2)rlBQ '\ 

'l\ l+(.Zi+Z^)IIio J 



Fig. 14.—^Transmitted voltage-waves when two lines are joined by an inductance as in Fig. 11(«). 


Zx = = 350 n. 

{a) L = 200 ixH, 

(i) i = 1 000 
\c) Z= 1 000ju,H, 
(d) L = 5 000 JU.H, 
h) i = 1 000 ixH, 
if) ii= lOOOfiH, 


}•= 0. "[ 

5* = 0 1 

y _ 300 jj ^ 5-30 microsecond incident wave, 
r=0. J 

r = 0, insulator-chopped wave. 

r = 0, iJo — 300 n. With shunt resistance as in Fig 11(6)insulator-chopped wave. 


Using wave (i), (16) is plotted in Fig. 15 for a constant 
L and varying values of Bq. As would be expected, an 
inductance with shunt resistance behaves in a manner 
similar to a condenser with series resistance; that is 
to say, part of the front of the wave is transmitted 
'unchanged. 

Using wave (ii) and a constant value of L, the relation¬ 
ships between JRq and the maximum value of the trans¬ 
mitted wave, and jRq and the length of the front of this 
wave, are shown in Fig. 16, It is seen that there is a 


and the actual solution, for waves given by (1), is 
2B r -] 

L " J 

This equation is plotted in Fig. 17 for waves (i), (ii), 
and (iii). There is, of course, no wave-front flattening, 
and for small values of L the voltage falls to zero in a 
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Fig. 16 Transmitted voltage-waves when two lines are joined by an inductance having shunt 
resistance as in Fig. 11(6). Infinite rectangular incident wave. 


(а) ' L = ITOOO /xH, 

(б) . L = ijoOO mH, 



00 , 

200 n. 


Zx — Zz = 360 n,}" = 0. 


fc) 2>= 1000;aH, 
[i) i = 1 000 ixB, 


Ro 

Ro 


2 000 n. 
20 000 a. 



Fig. 16. —^Maximum values, and the lengths of the wave-fronts in microseconds, 
of the transmitted voltage-waves for various values of the shunt resistance 
Bq, shunting an inductance of 1000/iH at the junction of two lines, 
0 ‘4-14 microsecond incident wave, Zx — = 350 Q, r = 0.' 


VoL. 74. 



Fig. 17.—-Voltages to earth at end of line closed by an inductance as in Fig. 11(c). 


Z‘ 

L- 


Zx = 360 n. 


lOOOuHI.,. .... X " ' (c) i = 1 000 jiH, 0-4-14 microsecond mcident wave. 

0-1H /•lufimte rectangular incident wave. (d)£= 0'lH, 6-30 microsecond incident wave. 
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time shorter than the total length of the incident wave, 
and then reverses its polarity. In addition, under some 
circumstances the maximum value of the voltage across 
the inductance is less than twice the incident voltage- 
wave, although its rate of rise is approximately the same 
as that of the latter. Large values of the inductance 
behave as open circuits for long periods of time; in 
the case of curve (&) in Fig. 17, for instance, the drop 
in voltage after 20 microseconds is only 7 per cent. 

(8) Circuits Involving Inductance and 
Capacitance in Parallel. 

{a) Inductance and Capacitance in Parallel Joining Two 
or More Lines. 

The circuit to he discussed in this section of the paper 
is shown in Fig. 18(a), and represents a series coil where 



Fig. 18. 

shunt capacitance exists between the ends of the winding. 
Since no advantage is to be gained by actually con¬ 
necting a condenser across the coil, the arrangement 
considered only applies to accidental or inherent capaci¬ 


tance. The former may be due to the methods adopted 
for the mounting of the coil and the latter is due to the 
tum-to-turn or distributed capacitance, the circuit being 
an approximation for this case. With single-layer coils 
the shunt capacitance can be calculated directly with a 
fair degree of accuracy; but where the coil is a multi¬ 
layer one, calculation is unreliable. The capacitance 
must then be found by measuring the natural frequency 
of the coil, and such measurements, when applied to the 
formulae to be given later, lead to results which are 
in good agreement with those found by oscillograph 
measurements. The shunt capacitance of normal 
inductance coils is usually so small as to have negligible 
effect, but as in special circumstances it may become 
important it is necessary to consider it. 

The general tendency of this circuit is to transmit for 
a verv short period of time the initial part of the wave 
unchanged,* so giving a peak at the beginning, as shown 
in Fig. 20. If appreciable earth capacitance exists at 
the junction of the coil and Z^, as in Fig. 22(a), this peak 
is unimportant, so that the practical applications of this 
circuit are similar to those cases given under (i) and (ii) 
of Fig. 11(a), Section (7). 

The symbolic equation for the transmitted voltage- 
wave is obtained from (2) by making the substitutions: 
Zaip) = Zcip) = = {rPpL)l{lJ-p0^rpp^C^L), 

so that 

__ 2ZJp‘^G^L-\-pCgrp\) _^ 

p2(Zi-bZ2)XCo+p[T-FrC?o(2i-|-^2)]+-^i+'^2+^" 

This equation is of the type given by (4), where 
K = .Zo, A = CqL, ijl = Cgr, v = 1, a = CqL{Z^ -b Z^), 
^ = L+ C^riZ^ -h Z^), and y = Z^P Z^ + r. Two 

* See Bibliography> ('^1) and (42). 



Fig. 19.—Transmitted voltage-waves when two lines are joined by an inductance having shunt capacitance, as in Fig. 18(fl). 

Z = 1 000 = 100 'fi/u.F, == £2 = 350 n. 

(а) f~ 100 n, infiilite rectangular incident wave. 

(б) r — 100 n, 6-30 microsecond incident wave. 

(c) r = 0, insulator-chopped incident wave. 
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actual solutions must be considered. When > 4ay 
the equation for the transmitted voltage-wave is obtained 
by substitution of the above values in (7), so that, for 
waves given by (1), 


its influence in the ordinary way. With wave (iv), 
which has a finite though very steep front, the initial 
peak is still very noticeable, and the gradient is excessive 
in four different parts of the wave. With wave (iii) 




a 


^GqL — aO^T -f 1 


a^G^LZ 


ct{L -f- GqvZ) -J- (^Z -]- t) 
{b 


-at _ 


b^Gffi - hGf,r -b 1 


+ 


a) {GqLKI 


b^G^Z 




- a) (/q - b) 


h{L -f G^rZ) +{Z -\-r) 

(i. - g) {C„LKl - 0„rK, + 1) 
4,{K^ - a) - h) 


0 


(18) 


where 


__ L + G^rZ -c/> ^ _ L -b G^rZ -b <f> 

2GqLZ ’ ^2- 2G^LZ 

<f> = VliL - tG^Z)^ - 4:Z^LC^, 


and Z — Z-^ -b •^ 2 ’ 

When 4ay > jS^, substitution in (8) gives 


the front is long enough to prevent any initial peak 
being transmitted with the circuit constants chosen. 

In Fig. 20, different transmitted voltage-waves are 
plotted for various values of Gq using wave (ii) as the 
incident wave and for constant L. It is seen that the 
initial peak is prominent for values of the shunt capaci¬ 
tance down to 100 micromicrofarads, and 20 per cent of 


2Z.^ 


a^Gf^L -CqT- hi 
Oi^GqLZ — ct{Jj “b GqtZ) “b {Z -b 

ipt 


2L 

-€. 2CqLZ 


ifsZi 


cos 


1 

b^G^LZ - 6(.L -f CqtZ) + {Z + t)' 

f 

cos — 
\2Gf^LZ 


-bt 


Mk-^ 


d, 


[ Vy^G^Z - a{L -b G^rZ) -b (^ + t)] ^yG^LZ ~ b{L -b G^^Z) -b (^ + r)] 


(19) 


where 


and 


^ -[L- rO^^l 


^2 


= arc tan 

= arc tan 


(aL - r) {Gf^Zr - L) 2LZ 
ifj{aL — r) 

jbL - r) {G^Zr - L) -b 2LZ 
if}{hL — r) 

Z = Z^-\- Z^. 


Using the four incident waves, (IS) and (19) are plotted, 
for various values of the circuit constants, in Figs. 19 
and 20. 

Referring to Fig. 19, where in one case the incident 
wave is infinite rectangular, it will be seen that the 
wave is transmitted nearly unchanged for a brief period 
of time, the condenser behaving as a short-circuit 
initially. Later, when the condenser is fully charged, 
it behaves as an open circuit and the inductance exerts 


the maximum value of the incident wave is transmitted 
initially, even when the shunt capacitance is as low as 
50 micromicrofarads. 

ip) Inductance and Capacitance in Parallel Closing the 
End of a Line. 

The voltage to earth at the end of a line earthed 
through an inductance and a condenser in parallel will 
now be considered. The arrangement is shown in 
Fig. 18(6). 

The symbolic equation for the voltage is obtained 
from (2) by substituting Z(i[p) = r p pL, Zfpt) = 0, 
^c{v) ~ ^l{G^), and Z^ = co, so that 

g ^_ 2(ffT -b r) _ 

^ p^LC^Z.^^ -b p(L -b C^tZ-j) -b {Z-j^ + ?■) ^ 



Fig. 20.—Transmitted voltage-waves when two lines are joined by an inductance having shunt capacitance, 

as in Fig. 18(«). 0-4-14 microsecond incident wave, 

i = 1 000 iJili.Zi = 2^2 = 360 Q,J-= 100 n. (a) Co= 60/A/iF. (6) Co= 100 mjuF. (c) Co= 500/x|ixF. (d) Co = 1 OOOjajuF. 
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Therefore, for the aperiodic case, 

r — oL 


®2 


2E 


-at 


bL 


-bt 


\_Z^LG^a^ - (i + Z^rG^)a + (r + Z^ 
and for the oscillatory case 


Z^LO^h^ - (L + Z^rO^)b + (r + Z^ 

{b ~ a) jr- LK^) _ (6 - a) {r - 

<^[K^ - a) {K^ - b) <j>{K^ - a) {K^ - b) 


. (20) 


2E 


r—aL 


^-bL 


L -. —. - .- ■■ .. I I. . . - 11.. " I 

Z^LG^a^ - {L +Z^rGz) a++ r) Z^LCp-{L -{-ZjrG^)b-i- {Z^ + r) 

ijtt 

2Ly^ ' 


r-bt 


L+CiZir 
" 2ZtLGz ' 


^y[z^LG^a^-{L+Z^rG^aMZ^■\■r)\ ^[z^LG^^-[L-{-Z^TG^b-^{Z^^r)\ 


where JC, 


4> 


L + G2Zjr — cj) ^ 4“ + (f) 

2Z^LG., ’ 2 “ 2ZiLG^ ’ 

V[(i - - iZlLOj. 


( 21 ) 


2Z^L 


and 


(j, = 

tf-i —— 3-2rC X3«ll 17" T\^ 

•*■ ^(r — aL) 

e - arc tan - L) {r - bL) - 2Z,L 

- arc tan 


Using waves (i) and (iii), (20) and (21) are plotted in 
Fig. 21. It is seen that with large values of L the 
initial gradient of the transmitted wave is similar to that 


approximation to a transformer than the simple con¬ 
denser circuit given in Section (6), it is evident that, for 
an examination of the rate of rise of voltage across a 
transformer, incorporation of the inductance is un¬ 
necessary. Similarly Fig. 11(c) is s- sufficiently good 
approximation when considering the longer time-inter¬ 
vals. 

It has been stated in the past that oscillations can 
occur between the inductance of a transformer and any 
condenser connected in parallel with it for surge-protec¬ 
tion reasons, and in order to prevent such oscillations 
the connection of resistance (of the order of a few 
hundred ohms) in series with the condenser has been 
suggested. Apart from the fact that such resistance 



Fig. 21.—^Voltages across an inductance and condenser in parallel at the end of a line as in Fig. 18(6). 

s= 360 n, r = 0. 

S : 1 = 5 

(£) i = 0-1 H, C 2 = 1000/ii/iF, 6-30 microsecond iacideEt wave. 


obtained with the condenser alone, while later the 
gradual decrease in amplitude .is almost identical with 
that resulting from the inductance alone. With the 
value of 0 • 1 henry used in the calculations, this latter 
effect is noticeable after approximately 10 microseconds. 
Therefore, while this circuit is theoretically a closer 


"nullifies to some extent the wave-front flattejimg effect 
of the condenser, it can be readily seen that its use is 
unnecessary. 

The approximate circuit is shown in Fig. 18(c), the 
transformer earth capacitance being assumed small in 
comparison with the external condenser Ug. Elementary 
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considerations immediately show that the line surge- 
impedance is equivalent to a very high series damping 
resistance, so that it might be expected that normal 
values of jBg would have little effect on the critical state 
of the circuit. 

The condition for oscillation is 
4JZIlGz >{L- 

and examination of this expression shows that for usual 
values of Z-^, L, and Cg, and for any value of it is 
impracticable to obtain this condition. In addition, 
siuce the internal oscillations in the transformer have 
very little effect on the terminal voltage (these oscilla¬ 
tions have nothing to do with the external condenser 
and cannot be prevented by external series resistance), 


Z^ and Z^ lines, cables, or rotating machines; and L 
inductance coils or current-limiting reactors, R^, 
and r, are the usual resistances, and remarks which have 
been made regarding them in previous sections of the 
paper also apply here. 

[a) Inductance, having Series Resistance, and Concen¬ 
trated Earth Capacitance at the J%mction of Two or 
More Lines. 

This circuit, shown in Fig. 22(a), represents:— 

(i) A choking coil or reactor protecting a rotating 
machine and its switchgear. 

(ii) A choking coil or reactor protecting a transformer 
or substation to which other lines or cables are con¬ 
nected. 



Fig. 22. 


it would appear that the only trouble which could 
occur is due either to oscillation between the condenser 
and some stray inductance, or to repeated reflections 
between the condenser and the transformer when the 
connecting line is not short. 

The position is quite different, however, when choking 
coils are connected in series with the line, and this 
aspect of the problem will be dealt with in the next 
section of the paper. 


(9) Circuits Involving Series Inductance and 
Earth Capacitance. 

These circuits, which are shown in Fig. 22, are impor¬ 
tant as they have many practical applications. Certain 
of their aspects have already been investigated by many 
writers. Considered separately, and Gg represent, as 
before, transformers, substations, or static condensers; 


Regarding (i), as before, reflections in the machine 
windings are neglected. Regarding (ii), it is seen that 
inductance is assumed in Z-^ only. This assumption is 
frequently justifiable; for instance, when Zg represents 
cables or when Z^ alone is susceptible to surges. On the 
other hand, in many cases coils would also be inserted 
in the outgoing feeders Z^^', such considerations are 
dealt with later. 

The expressions for the voltage across the condenser 
Cg or the transmitted voltage-wave along Z^ will now 
be given. The symbolic equation is obtained from 
(2) by substituting Za{'p) — '^> Zifs) — 

Zcip) — ll{G 2 p), so that 

The actual solutions for the aperiodic and oscillatory 
cases are respectively 


= 2Z,fE\^ 


+ cj>{K^ - a) (iCg - b) ^ ~ _ 


= 2Z^ 


2 l(?&\~E,tcos 


Ag ijjyK ) \^G^LZ^ 




ifjt 

2C^Z^ 


(23) 

(24) 
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where 

jq = + ^2 + j- + a^G^LZ^ - a{L + G^^^ + G^Z^Z^). 

Ag = Zj^ + Zg + r + b^G^Z^ - b{L + G^Z^r + G^Z^Z^), 
jq = (i + OoZor + CoZ^Z, - 6)1{2GJuZ^, 

A, = (A + G^Z^r + C2Z1Z2 + M 2 G^LZ^). 

K,=^{L + G^Z^r + O^Z^Z^)f{2G^LZ^), 
q — arc tan (Z -j- G^Z^v -}- G^Z-^Z^ — Zq^^LZi^IiIj, 

6^ = arc tan {L + G^Z^r + G^Z^Z^ — 2bC2LZ2)lilj. 

^ = V[(i + C^Z^r + - 40 ^LZ^[Zi+Z^ + r)]. 

and 

^2 = _ <^2. 


with those circuits in which inductance alone joins Zj^ 
and Zg, ohmic resistance tends to decrease the amount of 
flatteihng, this tendency is less marked when earth 
capacitance is present. As the number of outgoing hnes 
is increased, so that the value of Zg decreases, there is, of 
course, the usual reduction in amplitude of the trans¬ 
mitted waves. 

As was pointed out at the commencement of this 
section, in those cases where the circuit represents a 
substation with several feeders, a choking coil in one line 
will probably be duplicated by similar choking coils in 
the other lines. It has been stated* that a fair approxi¬ 
mation to the condenser voltage is obtained by the 



Fig. 23.—Transmitted voltage-waves when two lines are joined by an inductance; with capacitance 
to earth at the junction as in Fig. 22(a). Infinite rectangular incident wave. 

Zi = Zz= 360 a. 

(a) L = 800 ixU, C 2 = 1 000 r = 0. 

(b) L = 800 iiU, G 2 = 1 000 M/i-F, r => 300 n. 

c)£= 1 000^H, Oa = 1000/u,xF, r = 0. 

id] Ij= 1 000 Co = 6 000 r = 0. 

(e) i = 6 000 /aH, Co = 1 000 /«,j«.F, r = 0. 


Using waves (i), (ii), and (iii), (23) and (24) are plotted 
in Figs. 23, 24, and 26, for various values of the circuit 
constants. In many cases values are used such that 
the circuits are oscillatory, but the extent of oscillation 
on the transmitted voltage-waves in actual practice is 
negligible; none of these waves for the cases where 
Zj = Z 2 rise above the incident voltage-wave in ampli¬ 
tude. Thus, the presence of one or more outgoing lines 
definitely prevents the voltage rising to the high values 
which can obtain when Zg is absent. It is interesting to 
note, however, that in many cases where the values of the 
inductance and capacitance are such that the circuit is 
aperiodic, increase in series resistance r changes it into a 
strictly oscillatory one. 

Regarding the curves which are plotted in Figs. 23, 
24, and 26, and referring to those which have been drawn 
previously, it is seen that these inductance-capacitance 


use of one line Zg without a series choking coil as equiva¬ 
lent in impedance to several outgoing lines, each of surge 
impedance Zg, but containing series coils. The smaller 
value of the effective parallel impedance of these several 
outgoing circuits brings the voltage across the condenser 
considerably below the limit imposed when there is no 
coil in a single outgoing line Zg and when Z^ = Zg. 
Thus the approximation is a safe one, although calcula¬ 
tion based on it will not show the oscillations which 
actually occur. When there is only one outgoing line 
with a series coil, however, these oscillations raise the 
condenser voltage above the aforesaid limit. 

The circuit under consideration is shown in Fig. 22(&). 
The symbolic equation for the voltage across the con¬ 
denser is obtained from (2) by making Zaip) == <=0. 
Z^bip) = pLi, Zc{p) = l/ipG^), and replacing Zg by 
(Zg “b P^'^ ’ WTien = ig = L, 


/ ___ 2(pi:> 4- Zg) _ ' „ . (24a) 

'2 -l-p2iC72(Zi-I-Z 2 ) +i>{2A +(*^ 1 + ^ 2 ) 


combinations give rise to transmitted voltage-waves 
which have, in general, both smaller initial gradients and 
longer times to maxima than those circuits where either 
inductance or capacitance is acting alone. Also, whereas 


As the denominator of this symbolic equation is a 
cubic in p, the formulas given in (c) (iv) and (c) (v) of the 
Appendix must be employed to obtain actual solutions. 

* See Bibliography, (38). 
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Two specific cases have been worked out using the 
infinite rectangular wave and they are plotted in Fig. 
26, together with two curves obtained from a con¬ 
sideration of the circuit in Fig. 22{d), which is dealt with 


the outgoing line exercises ever-increasing damping after 
the first instant of time, the voltage never reaches the 
high values which frequently occur in the case of 
Fig. 22{d). Further, the rate of rise of the voltage is. 



Fig. 24.—^Transmitted voltage-waves when two lines are joined by an inductance; with capacitance to earth 
at the junction as in Fig. 22(a). 0*4-14 microsecond incident wave. 


Zi = 360 n. 


(«) L = 

(b) L = 
c) L = 

Id) L = 

\e) £ = 1 000 )j,H, 


200 nH, 
800 niH, 

800 u,H, 

1 000 fxK, 


8 

{h) 


5 000 /ixH, 

£ = 6 000 jaH, 
£ = 5 000 ^tH, 


Ca = 1000 r = 0. 

Ca = 1 000 n/iiF, j* = 0. 

Ca = 1 000 jii/nF, r = 300 (1. 
Ca == 1 000 /u./iF, )• = 0. 

02 = 6 000/(i(u.F, r = 0. 

02 = 5 000/aAtF, r = 0. 

Oa = 5 000 iiaF, r = 1 000 n. 

O 2 = 1 000 r = 0. 



Fig. 25.—Transmitted voltage-waves when two lines are joined by an inductance; with capacitance to earth 
at the junction as in Fig. 22(a). 6-30 microsecond incident wave. 

Zi = 360 a. 

(a) £ = 1 000 juH, O 2 = 1 000 /ijuiF, j* = 0. 

(b) £ = 5 000 uH, Oa = 5 000 j* = 0. 

(c £= 6 000 m.H, Ca = 5 000 |nju.F, r= 1 000 n. 


later, and one curve obtained from a consideration of 
the circuit in Fig. 22(a). 

In the case of Fig. 22(&), the choking coil in the outgoing 
line approximates to an open circuit initially, so that 
the circuit tends to respond in a manner similar to that 
shown in 'Fig. 22(d). This accounts for the oscillatory 
nature of the voltage e^, though, owing to the fact that 


in general, less than that obtained with absent (as in 
Fig. 22d), but considerably greater than that which 
occurs when Z^ is present (as in Fig. 22a). Thus the 
behaviour of this circuit is a sort of average between 
those of the circuits shown in Figs. 22(a) and 22(cZ). When 
considering the condenser voltage gg, it is not permissible, 
therefore, to neglect the effect of a series choldng coil 



496 


MILLER; THE INFLUENCE OF CERTAIN 


in a single outgoing line.* The transmitted voltage- 
wave along Z,^, however, is practically identical in 
Fig. 22{&) with that in Fig. 22(a) so long as the total 
inductance in the former is equal to the inductance in 
the latter. 

So far, in connection with the circuit in Fig. 22(a), 
the incident wave has been regarded as travelling on 
Z-^ and reaching the choking coil before the condenser. 
If it is travelling on Z^, so that the condenser is reached 
first, a different state of affairs exists. To conform 
to the direction of travel and notation used for all the 
previous cases, the circuit has been redrawn and is 
shown in Fig. 22(c). 


The symbolic equation for this voltage (called e^) is 
obtained by substituting 

Za[v) = = 0. 

and replacing by {r -j- pL -[- Z^) in (2).* 

Thus 

/ _ 2iZ^+r+pL) _ 

p^LG^Zj^-\-p{L+Z^Z.flj_-i-rZjC^)+Zj^+Z2+r ^ 

The actual solutions for the aperiodic and oscillatory 
cases are respectively:— 


e[ — 2E r • ^2 + ^ ~ __ -^2 F ^ ~ _j_ (^ — Qt) (-^2 T ^ _ (& ^ a) {Z^ -f ^ 


A, 


64 = 2£? 


L ^^2. 
Zn-\-r — oL 


K, 


cf>iK^-a){K^-b) 


4>{K^ - a) {K^ ~h) J 


(26) 




-at „ T2 


Z^ + r — bL 


bt 




///7 ^ - 


f L+GiZyZi->rCxZyf \. 

A 2LGxZx J 




COS 


V(^2) 


. (27) 


where = V[(-^ “ ~ 

ift^ — — 

= a^LG^Z^ - a{L + G^Z^Z^ + C^Z^r) -f- {Z^ -h ^2 + ^)' 

= b’^LC^Z^ - h{L H- G^Z^Z^ -|- G^Z^r) {Z^ + + ^)' 

Ag = (T -j- G-jZ-yZ^ -}- G'^ZjT — <f))f[2LG-^Z^, 

K^ = {L-h G^Z^Z^ + G^Z^t + <I>)I{2LG^Z^), 

a _ „„ x__ + r)^ aL[G^Z-^Z^ -f- G-^Z^r — L) — L[2Z.^ + Z^ + r) 

- arc tan + r - aT) ' 


9. 


arc tan 


G■^Z■^{Z 2 -h r)^ — bL{GjZiZ^ + GyZ-^r — L) — L{2Z^ Ar Z^-\- r) 

«/'{^2 -\-r-bL) 


and 


The symbolic equation for the transmitted wave is 
== --e, (26) 

Comparing (26) with (22), and noting that G-^ and G^ 
are synonymous, it is seen that the two equations are 
similar, and, for the case where Z-^ — Z^, are identical. 
Thus differences between the transmitted voltage-waves 
in Figs. 22(a) and 22(c) only arise when Z^ is different 
from Z^. 

The voltage to earth across the condenser is another 
matter, however. In the case of Fig. 22(a), this voltage 
is the same as the transmitted voltage-wave, but in 
Fig. 22(c) it is the sum of the incident and reflected 
voltage-waves, 

* It is unfortunate that the general solutions already given do not apply 
in this important case and that the more cumbersome expressions given m 
(c) (iv) and (c) (v) of the Appendix have to be used. The author has found by 
experience, however, that in many cases where the circuit is oscillatory and 
where the incident wave is infinite rectangular, the simple expression ' 

ei -x[l - cos (^ - e.)[ 

0 j being arc tan ( 0 ' 22 ;i/!^), and ^ being (4I»'C'2—(7|2f)^, is a fair approxi¬ 
mation to the voltage of Fig. 32(6), whenZi^^Jgand when jbi=jD 2 =|-Xr^ 


Equations (26) and (27) are plotted in Fig. 27. It 
is seen that the voltage across the condenser rises above 
the incident-wave value since the inductance behind the 
condenser behaves as an open circuit initially. The 
values of inductance have to be considerably greater 
than those considered here, however, for this voltage 
to attain the double value which is approached when the 
line is closed only by a condenser. This is particularly 
the case with the longer-fronted waves, as with wave (iii) 
and an inductance of 1 000 microhenrys there is only 
a 28 per cent increase in voltage compared with the 
68 per cent when the wave is infinite rectangular. 

Regarding the rate of rise of voltage across the 
condenser, it is seen that it is considerably greater here 
than in the case where the inductance precedes the 
condenser; in fact, it approaches that occurring at the 
end of a line closed through a condenser. Thus, in the 
case of waves like (iii), the rate of rise is of the order of 
twice the gradient of the front of the incident wave 
itself. It is also worthy of note that when'The circuit 

* Thus 62 of (2) becomes the transmitted voltage-wave along the circuit 
containing an inductance in series with a line. (As the inductance comes first, 
this is not the wave along the line Zz itself; there is a voltage drop in the former.) 
Za(p) Zjjip) being absent, this transmitted wave is the same thing as the 
voltage across Z(.{p). This voltage is called e^. 
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Fig. 26. —Comparison of in Fig. 22{d), in Fig. 22(a), and c' in Fig. 22(b). 
Infinite rectangular incident wave. 

Cj in Fig. 22(6): (a) O2 = 1 000f<.M.F, £1 = £2 = 6 000 Zt = Zz = 350 n. 

62 in Fig. 22(d)'. (6) 02 = 1 000/x|uF, £ = 6 000/u.H, j2j= 350Ji, Z^— 

e’ in Fig. 22(6): (c) Og = 8 000 £i = £3 = 1 000 ;aH, Zi = Z.z= 350 O. 

ea in Fig. 22(d): (d) Ca = 5 000 |u.^iF, £ = 1 000 juH. Zx = 360 n, Z^ = (a. 

62 in Fig. 22(a); (tf) Ca =■ 1 000 ^i^tF, £ = 5 000 /aH, Z 2 = 360 n. 



£ = 1 000 m-H, = 2^2 = 350 n, r == 0. 

»C ^ 3 000 /x^F ^ rectangular incident wave. 

\c) 0 — 1 000 /U./J.F, 6-30 microsecond incident wave. 



Fig. 28.—^Voltages across a condenser when a line is earthed by an inductance-capacitance 
combination as in Fig. 22(d). Infinite rectangular incident wave. 


Zx = 350 n. 

(а) £ = 1 000 fxH, Oa == 5 000 fi/xF, r = 0. 

(б) £ = B 000 /xH, Oa = 1000 /x/xF, r = 0. 

(e) £ = 200 jaH, O 2 = 800 fr^F, a* = 0. 

(d £==1000mH, 02 = 600/ijiaF, r==0. 
(«)£==. 200 C?a = SOOOwiF, r=0. 

(/) £ = 1 000 iixH, 02 = 3 000|x/iaF, r = 0. 

(g) £ = 1 000 /xH, Og = 600 ^jiaF. r = 200 O, 
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is oscillatory, with the usual values of the constants 
no appreciable oscillation shows itself across the con¬ 
denser. 

(6) Inductance, having Series Resistance, and Concen¬ 
trated Earth Capacitance Closing the End of a Line. 
When the line terminates in an inductance with earth 
capacitance, as shown in Fig. 22(d), the symbolic equa¬ 
tion for the voltage across the condenser is 

2 

“ p^LG^ -1- pG^{Z.y -h r) -f 1®^ 

The actual solutions for the aperiodic and oscillatory 
cases are respectively:— 


voltage across the condenser rises to a value between 
approximately three and four times the incident voltage 
by virtue of the oscillations that occur. These oscilla¬ 
tions are not, in general, eliminated by small values of 
the series resistance r of the order of 60 to 100 ohms. 
A suitable choice of constants may be made, however, 
such that the voltage is held at or near the double 
value, and any series resistance present then gives a 
further reduction in its amplitude. 

It is seen that the magnitude of this voltage is 
greatly affected by the shape of the incident wave. In 
the case of the infinite ' rectangular wave, when 
L = \ 000 X 10“!^ henry and G — 500 X 10“^^ farad, 
its maximum value is 3 • 35A. When wave (ii) is used 
this is reduced to 3 • 15E, and there is a further reduction 


and 



( 28 ) 


(29) 


where cj} = 

= G^JLciP — a{Z.y -}- r)G!^ 1 , 

-^2 “ G^Lh^ — T ^)^2 T 

Ks = iC^r 4 - G^Zj^ - ^)li2C^). 

= {O^r + G^Z.^ + 4>)\{2G^). 

= arc tan {G^Z^ 4- G^ - 2G^La)!ifj, 

and 02 = arc tan {G^Z^^ -\- G^r - 2G^Lh)f4j. 


to 2 • 35 jE 7 with wave (iii). When the total length of the 
incident wave is short, as in the case of the insulator- 
chopped wave, under the most violent oscillatory 
conditions considered [L = 1 000 x 10~® henry and 
G — 600 x 10“^^ farad) the voltage never reaches even 
the double value; in this case the greatest voltage is 
negative and is only 60 per cent greater in magnitude 
than the incident wave. Frequently the superimposed 
oscillations affect adversely the initial gradient and the 
amount of wave-front flattening; in fact, in some cases 
the maximiim value of the voltage occurs before the 



r = 
(a) 
6) 
w 

(d) 

M 


= 0, /i = 300 fi. 
£ = 200 ^iH, 

£ = 1 000 /xH, 
£ = 200 uH, 
£ = 1 000 /xH, 

£ = 1 000 fiH, 


Oa- 
Cs- 
Os 
Os 
Os 


500 fxfxF. 

600 ju,/xF. 

3 000/xmF- 

3 000 /xjutF. 

, _ -I_, _ 500/xaxF, 2Jo = 500 0 

Curve (4 indicates voltag'e when the inductance has 
shunt resistance as in Fig. 22(e). 


Equations (28) and (29) are plotted in Figs. 28, 29, and 
30, for the usual values of the circuit constants and for 
waves (i), (ii), (iii), and (iv). One of the most important 
points to note is that under certain conditions the 


w^ave itself has reached its maximum. This 
effect is shown in curve (a) of Fig. 30, where the incident 
wave is wave (iii) and where L = 1 000 x 10~^ henry, 
G = 600 X 10-12 farad. 



TRANSMISSION-LINE ASSOCIATED APPARATUS ON TRAVELLING WAVES. 499 


(c) Inductance, having Resistance in Parallel, and Con¬ 
centrated Earth Capacitance Closing the End of a Line. 
The oscillations discussed in Section (9&) can be 
prevented by the addition of resistance in parallel with 


It is seen that for the constants used in plotting 
curves ih) and {e) of Fig. 29, and curves (6) and {c) of 
Fig. 30, a shunt resistance of 500 ohms makes the 
circuit aperiodic. Under certain circumstances this 



Pjj, 3 q _^Voltages to earth when a line is earthed by an inductance-capacitance combination as in Fig. 22 {d). 


£ = 1 000 fiH.r = 0, Zx = 360 a. 

(a) Ca = 600 ix/xF, 6-30 microsecond incident wave. 

\b) Ca == 500 /a^F, insulator-chopped incident wave. 

(c) Co = 500 lio = 500 a, insulator-chopped incident wave. 

(d) Co — 3 000 /xfiF, insulator-chopped incident wave. 

Curve (c) indicates voltage when the inductance has shunt 
resistance as in Fig. 22(e). 


the inductance. The circuit is shown in Fig. 22(d), and 
in this case the symbolic equation for the voltage 
across the condenser becomes 

_ 2(-^o + _ —e 

p^LC^Bq -t- Zf) -h p{L 4- -f Bq ^ 

The actual solutions for the aperiodic and oscillatory 
cases are respectively:— 


gives a decrease in wave-front flattening, though not 
necessarily an increase in maximum giudient. 

(d) Inductance, having Series Resistance, and Concen¬ 
trated Earth Capacitance, the latter also having Series 
Resistance, at the Junction of Two Lines or Closing 
the End of a Line. 

When resistance occurs in series with the condenser, 


= 2b[' 


Bn 


aL 


-at 


L 


- bL {B„-K,L){b-u) _ {B,-K,mb-a) n 


and 


== 2E 


Bn 


aL 


-at 


Bn 


bL 


-u 


K, 


Kn 


where 


2 Br 


( Xi-j-CjRnZi 

■s/{LCJRQ)e~hLC,{Ro-)-Zi) 




cos 


{ 


ifjt 


2LG^{Bq H- Zi) 


— cos I 


lilt 


2LG^{R^ -f- Zf) 


e, 






V(AV) 


j. 


(31) 


K 

K. 


o^LGJ^Bq -f Zf) - a[L -f G^RqZJ) 4- J^o 
j^^^b^LCJ,B^+ZJ~b{L-fG^B(,Zf)+B^ 

= [l 4- - ^]l[2LG4^B^ + -^i)] 

K, = [L 4- 4- <^]/[2LC2(i2o + Zf)] 

6, = arc tan \B\Z-f!^ — BqL -f a{L'^ — 2 RpLG 2 ~ B^iLGfjy[ilj{RQ aX)] 
0^ =z arc tan [BqZJO^^ — RqL b{L^ 2 RqLG 2 ■“ 

cj, = - O^Z^Bo? ~ 4LG^l] 


and 
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as in Fig. 22{/), the symbolic equation for the transmitted 
voltage-wave is:— 


and 22 {d) are equivalent circuits, Cg being the sum of the 
earth capacitances of the coil and the system in which 


p^LC^iB^ + ^2) + + -Zi + r) -f B^O^iZ^ + r) + l] 


. (32fl) 


and for the case where Z^ is absent, as in Fig. 22(g), 

2(1 -h B^C^p) 

+ p(c^r + gIz^ -f Bf^) H- 1 

Consideration of (32a), in conjunction with (22) where 
series resistance is in the inductance only, shows that 
the condition for oscillation is not greatly affected by 
the location of resistance, and consideration of (325) shows 
that when Z^ is absent it is quite immaterial whether the 
resistance is in the inductance or in the condenser 
earth-connection. Further, calculations based on (32a) 
show that, for the usual values of the constants, the 
voltage across the condenser in the case of Fig. 22(g) is 
similar to that in Fig. 22(d)* 


it is placed. A better approximation is shown in 
Fig. 22(h), Z^ being added thereto when necessary. 

When the front of the wave is short compared with 
the length of the winding in the coil, it is evident that 
the constants of the latter can only be regarded as 
distributed. It has been shown by Wagner,* for 
instance, that such coils under these conditions behave as 
finite transmission lines, so that the method of treatment 
is somewhat different from that considered hitherto. 

Dealing first with the circuit shown in Fig. 22(h), the 
symbolic equation for the voltage across C^, when Z^ 
is absent, is obtained from (2) by substituting 
^a{p) = '^[(pOj), Zflp) = r -1- pL, and Z^p) = IfipC^. 
It is 


®2 = 


p^LC-^C^Zi + p^C^(L -f- C-^Z-^r) -f- pcj^^ -f -f- + 1 




(33) 


(e) Approximations to Inductance Coils having Distri¬ 
buted Earth Capacitance. 

An arrangement, based on an inductance coil sur¬ 
rounded by an earthed metal cylinder such that the coil 
has distributed constants and losses, has been produced 
for connection between lines and inductive appara¬ 
tus in order to flatten the fronts of waves incident on 
the latter, t Such an arrangement has a considerable 
influence in many ways on the response of a system 
to transients. Only its wave-front flattening properties 
are dealt with here, and the discussion is therefore 
confined to a consideration of the transmitted voltage- 
wave eg- 

The complete mathematical treatment of such a coil 
is difficult, and it is therefore desirable to represent it 
by some simple equivalent circuit which will simulate 
its behaviour fairly closely. The choice of an approxima¬ 
tion depends to a large extent on the design of the coil 
and the shape of the incident wave. 


Cj being one half of the lumped earth capacitance of 
the coil and being the other half plus the system earth 
capacitance. 

This circuit has recently been fully treated by 
Thomsonj- for finite waves similar to those used here. 
The symbolic equation (33) was solved directly by means 
of the Expansion Theorem for each set of constants, and 
no general formulae were given. For the sake of com¬ 
pleteness, therefore, it seems desirable to include such 
formulae here, though the inconvenient necessity of 
solving a cubic equation will remain. If the roots 
~~Pi’ “P 2 > '~P 3 > "til® denominator of (33) are real, 
this equation can be written in the form:— 

eo = 2 K, - - -e, 

(p -H pi) (p -i- P 2 ) {P + Ps) 

For incident waves given by (1), as shown in the Appen¬ 
dix, the solution of this equation is:— 


62 = 2EK 


_ (& — a )6~~Pi^ . 

-(P 2 - Pi) iPs - Pi) (« - Pi) {b - Pi) 


+ 


(6 — a)e — 

(Pi - P 2 ) (P 3 - P 2 ) - P 2 ) ib - P 2 ) 


(b — a)e~'’3< 


at 


(Pl - Ps) (P 2 “ Ps) - Ps) {b - P 3 ) (a - Pi) (a - P 2 ) (a - pg) "^ (& - p^) (b - Pg) (b - Pg) 


-—bt 


)- 


In general, when the front of the wave is long com¬ 
pared with the length of the conductor comprising the 
coil, the latter can be regarded as a combination of con¬ 
centrated inductance and capacitance. Thus Figs. 22(a) 


2EK 


s—bt 


.—at 


+ 


(6 — a)e~~P^ 


\h ~ p] [|2 ^ (o- _ 6)2] la - p] [|2 q- (o- - a)2] [p -f (p — cr)2] [a _ p] [6 - p] 


j:— 


__ f cos (^t — d-Pj _ cos (^t — Pgj 

iV[e + (P - <^)"] lv[? + (<^ - af] ,/[P + (cr - 5)2] 


1' 


♦ See Bibliography, (43). 

t This arrangement IS adopted as the basis of design in the Ferranti surge 
absorber. 


* See Bibliography, (44). 
t im., (46). 


(34) 


If the roots are -p. (—o -)- i^), (~ct -j^), then 

{p+ p)(p + 0 — 3 ^) (p a + y|)^i 
and the solution for incident waves given by (1) is 


(35) 
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where 

and, for both solutions, K = 

Equations (34) and (36) are not plotted, as the behaviour 
of the circuit can be fully examined by reference to 
Thomson’s work. It should be mentioned, however, 
that although the equations do not take into account 
the variable decrease in inductance of the coil due to the 
short-circuiting effect of the secondary (or surrounding 
metal cylinder), Thomson covered this point by employ¬ 
ing, in many cases, very low values of the inductance in 
his calculations. The power loss in the secondary was 
taken into account empirically by assuming that the coil 
had a constant resistance; in general, low values of the 
order of 10 to 100 ohms were used. Despite this very 
pessimistic choice of constants, it was found that there 
was always considerable wave-front flattening. 


arc tan 


= arc tan 


-f pg — — a{p — a) 

^{a + p ~ 2g) 

-t- pg — g^ — 6(p —• g) 
|(& + p — 2g) 


c "y "I" “p y "IP y “[" “p "j" “p ^ 
Z,=JiL/C) 




(a) 





The case where the coil is behaving as a finite line 
of surge impedance will now be examined. The 
arrangement is shown in Fig. 31(a), where the coil is 
inserted between two lines of surge impedance Z-^ 
and Z^^. At once, as in Section (6), it becomes neces¬ 
sary to take into account reflections at the points P 
and Q, and these have an important bearing on the 
shape of the transmitted voltage-wave e^. Fig. 31(&) 
shows the manner in which the repeated reflections 
take place, the incident voltage-wave being infinite 
rectangular. The voltage e'^ of the first transmitted 
wave (neglecting losses, and assuming Z-^ == Z,^ is 


4gi'^o^i 
(^1 + 

and eg, the voltage of the second transmitted wave, is 

If Zq = 0-lZ, say, then = 0-33e^, and es = 0-22ei. 
This shows that the transmitted voltage-wave is of 
“ stepwise ” form as indicated in Fig. 31(&), though 
naturally, in practice, losses “ round off ” the steps. In 
the practical case of a transformer connected to Q, there 
is further “ rounding off ” due to its earth capacitance, 
and if Z^ is absent the steps are doubled in amplitude, so 
that the normal final voltage of 2ej is eventually attained. 


Transmitted waves having stepped characteristics 
have been observed experimentally by Krug and 
others.* The efiective surge impedance of any such coil 
can be approximately determined by measurement of 
the heights of the steps in an oscillogram. Also, if the 
time-interval between steps and the length of the coil 
winding is known, the velocity of propagation and hence 
the effective earth capacitance and surge inductance of 
the coil can be determined. 

It is found that the value of the capacitance calcu¬ 
lated in this manner is very nearly equal to the measured 
50-cycle value, but that the surge inductance is con¬ 
siderably smaller than the 60-cycle value. The large 
decrease in inductance is due partly to incomplete 
counter e.m.f.’s (as was explained in Section 7), and 
partly to the short-circuiting effect of the secondary. 

The exact consideration of the questions of the varia¬ 
tion in inductance due to incomplete flux linkages and 
the mathematics of the coil from the point of view of a 
transmission line with losses is either difficult or impos¬ 
sible in the present state of the art, and is beyond the 
scope of the present paper. These remarks on coils 
behaving as finite lines are merely included to illustrate 
another aspect of their response to travellmg waves. 

Cathode-ray studies have shown that both the 
approximations here considered apply in their respective 
spheres. With incident waves having fronts of 0-2 
microsecond or longer and for usual values of the con¬ 
ductor lengths comprising the coils, except in the case of 
certain designs, the circuit shown in Fig. 22(A) is the 
nearest equivalent. 

(10) Some Experimental Results. 

This section of the paper contains a series of oscillo¬ 
grams illustrating experimentally the behaviour of some 
of the circuits already mathematically examined. 
These oscillograms are included rather with the object 
of confirming that the response to transients of various 
apparatus can generally be calculated with good 
accuracy, and that the assumptions made in the calcula¬ 
tions are justifiable, than for the purpose of discussing 
in detail any small discrepancies that occur between 
experimentally and theoretically obtained results for 
any particular apparatus. To this end, therefore, only 
records dealing with the salient points of the more 
important circuits are given. In order to facilitate 
comparison the mathematically obtained results, plotted 
on the appropriate exponential time-bases, are set out 
where necessary side by side with the oscillograms.f 

The oscillograms were obtained using a high-voltage 
high-speed cathode-ray oscillograph connected through 
an electrostatic potentiometer to the various circuits, 
these being coupled to a high-voltage surge generator 
through a length of overhead line having a surge im¬ 
pedance of 370 ohms. The surge generator was in 
every case (except for Figs. 41a and 41ft) adjusted to 
send out the same incident wave, which rose to its 
maximum value in 0 • 3 microsecond and fell to half 
value in 11-6 microseconds. An oscillogram of this 

* See Bibliography, (46). j * 

f As the oscillograms given here were obtained at various times not 
originally for the specific purpose of illustrating this paper, both the time and 
the voltage scales are frequently different for different records. 
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wave is shown in Fig. 32(fl), and a wave similar in 
snape and represented by 1-02 jE/(e~o o6xio'>i_g-i5xio6o 
is drawn in Fig. 32(6). The latter is used for all the 
calculations in this section of the paper. 

Discussion of Oscillograms. 

Ftg. 33.—The voltage across one phase of a 500-kVA 
11 000-volt 3-phase transformer is shown in Fig. 3Z{a). 
The transformer was connected to the end of the trans- 


is sufficiently close to suggest that the effective earth 
capacitance of the transformer is approximately of this 
value. 

In Fig. 33(6) is shown the voltage across the same 
transformer with a 0*0033-microfarad condenser inserted 
in front of it. The total earth capacitance was thus 
0-0043 microfarad, and Fig. 33(d) shows the calculated 
voltage using a pure capacitance of this value. 

Regarding Fig. 33(6), it is worthy of note that, for 



fa) (h) 


Microseconds 



Fig. 32. 

(?) Incident wave used in obtaining the oscillograms shown in Figs, 33-40 
(b) i-mpincal wave used in obtaining the calculated voltages in Figs". 33-39." 


mission line and the incident wave was that shown in 
Fig. 32(a). 

Minor high-frequency oscillations are present, probably 
caused by interaction between leads connecting the 
transformer to the line and the condenser terminal. It 
should be noted, however, that the transformer internal 
oscillations do not manifest themselves on the voltage 


the time durations considered here, there is no evi¬ 
dence of high-frequency oscillation between the induc¬ 
tance of the transformer and the external capacitance. 
The hump at the beginning of this record is due to the 
inductance of the leads connecting the various units of 
the external capacitance. 

Fig. 34.—In Fig. 34(a) is shown the voltage across a 



Fig. 33. 


VnUofs tU phase of a oOO-kVA II 000-volt transformer at the end of the line. 

U transformer when protected by a capacitance of 0-0033 u.F. 

across a 0 • 001 -/aF capacitance at the end of a line as in Fig. dfc). (Z^ = 
(d) Calculated voltage across a 0-0043-(aF capacitance at the end of a line as in Fig. 4(c). (Zx 


370 n.) 

= 370 n.) 


wave to any marked extent* and that there is some wave- 
front flattening. The transformer, as far as external 
circuits are concerned, is thus behaving as a condenser. 
Fig. 33(c) shows the calculated voltage across a con¬ 
denser closing the end of a line as in Fig. 4(c), the incident 
wave being that shown in Fig. 32(6) and (7j being 0-001 
microfarad. The agreement between Figs. 33(a) and 33(c) 
* Pof the relatively short, though practical, wave shown in Fk 33 only evi- 
expecte^^* higher harmonics of the transformer internal oscilladons couM be 


condenser and a resistance in series at the end of the 
line, as in Fig. 4(df The value of the former was 
0-0017 microfarad and the latter 250 ohms. Fig. 33(6) 
shows the calculated voltage for the same values of the 
circuit constants. 

Fig. ^5. —Fig. 35(a) shows the transmitted voltage- 
wave when an air-core inductance of 1 000 microhenrys 
is inserted between two lines of equal surge impedance, 
this condition having been simulated by closing the line 
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beyond the inductance by a resistance of 370 ohms, 
the oscillograph deflection-plates being appropriately con¬ 
nected across this resistance. The calculated transmitted 
voltage-wave using the circuit shown in Fig. ll(^j) is 
given in Fig. 35(&), and it is seen that good agreement is 
obtained. 


core inductance closing the end of the line, and Fig. 36(6) 
shows the corresponding calculated voltage, the value of 
the inductance being 1 000 microhenrys. The charac¬ 
teristic fall of voltage typical of this circuit is well 
shown. 

Fig. 37.—In Fig. 37(a) is shown the transmitted 



-y- 

5 : 4 


"F 


-T“ 

2 


(a) 


0 





ih) 


Microseconds 


Fig. 34. 

(а) Voltage across a condenser and resistance in series at the end of the line, as in Fig. 4(ii). 

(б) Calculated voltage. (Ci = O-OOl? ;aF; 22, = 26011; ^, = 37011.) 



{a] Transmitted voltage-wave when an air-core inductance coil joins two lines of equal surge impedance, as in Fig. 11(a). 
(6) Calculated voltage. {L = O-OOl H, r = 0, Zy — Z<i= 370 fl.) 



Fig. 36. 

(а) Voltage across an air-core inductance closing the end of the line, as in Fig. 11(c). 

(б) Calculated voltage, (i =0-001 FI, r =0, Zx-=Z1QQ,.) 


The inductance coil used in the experiment was a 
single-layer one with the turns well separated, but even 
so the shunt capacitance was sufficiently great to trans¬ 
mit practically unchanged a small proportion of the 
front of the incident wave. This is readily seen at- the 
beginning of Fig. 35(a). 

Fig. 36.—Fig. 36(a) shows the voltage across an air- 


voltage-wave when an air-core single-layer inductance 
coil of 1 000 microhenrys, having a condenser of 0 • 00026 
microfarad connected across its terminals, joins two 
lines of equal surge impedance, as in Fig. 18(a). Fig. 37(6) 
shows the calculated transmitted voltage-wave for the 
same values of the constants. 

Fig. 37(c) shows the transmitted voltage-wave when 
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the two lines are joined by an air-core 6-layer close- 
wound inductance coil of 1 000 microhenrys. This coil 
had considerable distributed shunt capacitance {no 
external lumped capacitance being connected across it), 
and from the oscillogram it is seen that this is behaving 
in a manner similar to that of a lumped shunt capaci¬ 
tance over the periods of time considered here. Com- 


1 000 microhenrys, as in Fig. 22(i). The oscillogram 
confirms the excessive voltages that can be attained with 
this circuit. The full line in Fig. 38(6) shows the calcu¬ 
lated voltage for the same values of the constants, and 
it is seen that there is some difference between the 
amplitudes of the superimposed oscillations in the 
oscillogram and in the calculated voltage-wave. 




T—r—n—!-!-r 

5 4 3 2 1 0 


Microseconds 


Fig. 37. 

(«) Transmitted voltage-wave when an air-core single-layer inductance coil, having a condenser connected 
,,, , parallel with it, joins two lines of equal surge impedance, as in Fig. 18(a). 

(f> Calculated voltage, (i = O'OOl H, Cq = 0-00025 r = 0, Zi = Zi = 370 U.) 

(d Transmitted voltage-wave when an air-core multi-layer inductance coil having considerable self- 
capacitance joins two lines of equal surge impedance. {L = 0-001 H, Zi‘= Z 2 = 370 O, self- 
capacitance at 200 kilocycles per sec. = 0-00023 jaF.) 



Microseconds 


Fig. 38. 

(а) Voltage across a capacitance at the end of the line and preceded by an air-core inductance as in Fig. 22(d). 

(б) Full curve: Calculated voltage for Fig. 22(d). (i = 0-001 H, Cg = 0-0006 /xF, r = 50 n, Zi — 370 II.) Dotted 

curve: Calculated voltage for Fig. 22(e). (Z =0-001 H, C ’2 = O-OOOC juF, r = 0, Eg = 5 000 H, Zi = 370 12.) 


parison between Figs, 37(a) and 37(c) suggests that in 
this case this distributed self-capacitance is equivalent 
to a lumped capacitance of 0-00026 microfarad. The 
measured self-capacitance at 200 kilocycles per sec. was 
0-00023 microfarad. 

Fig. 88. —Fig. 38(a) shows the voltage across a con¬ 
denser of 0‘0006 microfarad at the end of the line and 
preceded by an air-core single-layer inductance coil of 


This difference is due to the fact that the calculation 
neglected the considerable damping caused by the 
presence of corona leakage between turns of the coil, 
which had the effect of a shunt resistance. It is inter¬ 
esting to note, therefore, that reasonable agreement 
between theory and practice can be obtained under such 
adverse conditions. In order to take into account 
empirically the effect of corona, a calculation was made 
















TRANSMISSION-LINE ASSOCIATED APPARATUS ON TRAVELLING WAVES. 506 


transformer at the end of tire line when preceded by a 
multi-layer air-core inductance coil. The transformer is 
behaving as a lumped capacitance, so that the excessive 
voltages obtained in Fig. 38(a) are also in evidence here. 


based on Fig. 22(5). With equal to 5 000 ohms, it 
was found that agreement was much better, and the 
voltage across Cg under these conditions is shown 
dotted in Fig. 38(6). 


Fig. 39. 

;a) Voltage across a capacitance at the end of the line and preceded by an air-core inductance having 
resistance in parallel as in Fig. 22(«). 

{h] Calculated voltage. {L = O-OOl H, = O-OOOS fiF, r = 0, = 600 fi, Zi = 370 U.) 


Fig. 40. 

Voltage across a transformer at the end of the line and preceded by a multi-layer inductance coil, 


Microseconds 


Fig. 41. 

Oscillograms illustrating the two types of wave transmission discussed in Section 9{fi). In both oases the upper oscillogram 
shows the incident wave and the lower the wave after passing through a surge absorber. 


Also, the effect of the distributed shunt capacitance of this 
coil is shown atthe beginning of the time period considered. 

Fig. 41,—Figs. 41(a)* and 41(6), obtained when using 
Ferranti surge absorlDers, show respectively the two 
types of wave transmission discussed in Section 9{e). In 

♦ This oscillogram was taken by Prof. Binder in the High-Tension 
Laboratory of the Teohnische Hoobsohule, Dresden. 


39 ._Fig. 39(a) shows the effect of connecting a 
resistance of 600 ohms across the inductance of the circuit 
used to obtain the record given in Fig. 38(a), and it is 
seen that the voltage across the condenser is no longer 
oscillatory. The calculated voltage, for the circuit in 
Fig. 22(e), is shown in .Fig. 39(6). 

Fig. 40.—This oscillogram shows the voltage across a 

VoL. 74. 


33 
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the first case the front of the incident wave was steep 
and the absorber behaved as a distributed circuit. In 
the second case the front of the incident wave was less 
steep and the absorber (which was of different type 
from the other) responded as a concentrated circuit. 

(11) Conclusion. 

The paper has been written with the object of stimu¬ 
lating interest in travelling-wave phenomena among 
engineers engaged in the design and operation of trans¬ 
mission lines and connected apparatus. It is hoped 
that the material presented may serve two useful 
purposes. For those interested in the more academic 
side of the question, there is a demonstration of the 
method of ascertaining the manner in which travelling 
waves are affected by transmission-line associated appara¬ 
tus; and the ease of extending the treatment to other 
cases will be evident. On the other hand, for those 
more interested in the immediate practical side of the 
question, there are actual values of the magnitudes and 
durations of the waves, the equivalent values of the 
various equipments connected to lines, and the curves 
showing the effect of these equipments on the waves. 
The paper could, of course, have been shortened con¬ 
siderably by making it a purely mathematical one, 
but it was felt that much of its value would then have 
been lost. 

It was the author’s intention in the first instance to 
deal with many other questions, including the effect of 
adjacent phases or earth wires on the travelling waves, 
the surges appearing on the secondaries of transformers, 
and the voltage stresses produced between the turns of 
the winding of a transformer. The inclusion of such 
considerations would have made the paper unduly long 
and considerably more mathematical, and it was 
therefore decided to defer the discussion of such aspects 
of the surge problem. 

In view of the trouble and expense incurred both in 
this country and in many others by interruptions of 
supply and breakdowns due to lightning transients, some 
remarks on this danger and methods of preventing it 
would no doubt have been interesting. As this branch 
of the subject is so vast and opinion is so divided, it was 
felt that such matter would be best left to a separate 
paper. 

i 
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APPENDIX. 

• Mathematical Development of Equations, 

(a) The General Operational Impedance Equation. 

The general operational impedance equation, giving 
the transmitted voltage-wave for the circuit shown in 
Fig.” 2, will here be derived. 

The symbols used are;— 

Z^{y)) = operational series impedance. 

Za{p), Zc{p) = operational shunt impedance. 

-^2 “ surge impedances of incoming and outgoing 
lines respectively. 

and ==: incident voltage-wave and incident 
current-wave respectively. 

63 and ^3 = reflected voltage-wave and reflected 
current-wave respectively. 

63 and «2 = transmitted voltage-wave and transmitted 
current-wave respectively. 

* 6 ' H ~ currents in the various parts of the 
circuit, as shown in Fig. 2, 

64 = total voltage to earth at the point P. 

Since the network is a concentrated one, only reflection 
of the incident voltage-wave and the incident current- 
wave at the point P are taken into account. 

Now at any transition point the condi-tions imposed are 
that the current' must be continuous, and that the 
potentials on either side must be identical. 

Thus -j- Cg == 

4* *3 = *4 4“ *6 
H = *2 4- *6 

Further, 64 — igZif'p) — % 

ZakP) 

i ^ 

® zjp) 

In addition, for waves moving from left to right, 

®2 ~ * 2^2 

and for waves moving from right to left, 

63 = — igZ.^ 
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Eliminating i^, eg, and e^, from these nine 

simultaneous equations, the transmitted voltage-wave 
63 in operational form is given by 


where h{p) is a complete operational function and u can 
be any continuous function of in all the cases under 
consideration here u is the “ unit ” function. 


_ _ ^Z^Za{p)Zo{p) _ _ 

[Zj -1- Z^Za{p)Zc{p) -1- Z^Z^Zaip) -+- Zii{p) -f Ze(p}] -f Z^{p)[Z^Zq[p) Z^Za{p)^ + Za{p)Zjj{p)Za{p) ^ 


which as equation (2), page 477, is used throughout this 
paper. 

It should be remarked that although Z^ has been 
defined as a surge impedance, there is no reason why 
the symbol, as it is used here, should not represent 
some other network having an operational equivalent 
Z^ip), so that a further range of circuits is covered by 
the arrangement in Fig. 2. 


(&) Remarks on the Operational Equation and the Method 
of Solution. 

Equation (1a) can be expressed as the ratio of two 
integral rational functions of p. Thus 

e., = 2K§^e. .(2a) 

where and eg are functions of the time t, p being the 
Heaviside operator d}dt, and K a constant. 

When e^ = E^, where E is a constant and 1 is the 
Heaviside unit function (a discontinuous function whose 
value is zero for i < 0, and unity for i > 0), then (2a) 
becomes 

eo==2KE-§^^^ .... (3 a) 

2 j’(p) '• ^ 


Now the actual solution of the operational equation 
is given at once by the Heaviside Expansion 
Theorem,* namely 

^Pft . . (4a) 


where p.^, pg, . . . p^, are the roots of the equation 
F{p) = 0 . 

When can be determined by means of 

(4a) in conjunction with the Heaviside Shifting Theorem, f 
which states 


IM.A = ® 4 . f(Pr) 

Fip) FiO) , dF{pr) 

JL^^Pr 3 
Pr=Pl>P2 ^--Vn^P 


h{p){e~^^u) = ^ 


* For a full discussion of Heaviside's Expansion Theorem (and also other 
branches of the operational calculus) reference should be made to the many- 
excellent works on the subject (see Bibliography, 47 to 52 inclusive). 

It is necessary to mention here, however, that the Expansion Theorem does 
not apply when the powers of p in f(p) exceed those in i''(p), but in such a case 
it is only necessary to divide out. It also fiiils if one root in the equation 
jFip) = 0 is zero, or if two roots are equal; in these cases, however, the difficulty 
can be overcome by a slight readjustment of the circuit constants or by the 
inclusion of the critical conditions in the equation before solution. For circuits 
having many degrees of freedom there is the difficulty of determining the roots 
of F{2)) ~ 0, and for distributed circuits the use of the E.xpansion Theorem is 
not always the best method of attack, 
t The Boltzmann-Hopldnson superposition theorem, namely 


h{p)a(.t) = g{tM0) + 


-f 

0 


. . {«) 


can also be employed for obtaining, from the unit-function solution, the solu¬ 
tion for waves of any form. If the process of calculation has led to an opera¬ 
tional expression h{p)g{t), where g{t) is the impressed wave, and if by means of 
the Expansion Theorem h{p)'\ — q{t) has been determined, the right-band side 
of {a) contains nothing but known quantities and tlierefore, if the integral 
can be evaluated, h{p)g[t) can be found at once as a function of time. Thus 
the actual solution for a wave of any form can be determined (see Bibliography, 
63). . 


Equations (4a) and (5a) enable all the present problems 
to be solved. 

The most complicated case which occurs in the paper 
is that where F{p) is a cubic in p and f{p) is linear. For 
the sake of generality it would be desirable to obtain 
actual solutions when f{p) is also cubic, but since such 
operational equations are immediately reducible by 
division so that the numerator becomes quadratic, 
solutions for the latter only will be given. Thus (3a) 
can be written 


eg = 2KE 




Xp^ + jLcp -b F 
hp^ -f- ap^ -f- ^p -j- y 




(6a) 


where 8 , a, jS, y. A, fx, and v, are functions of resistance, 
inductance, capacitance, and surge impedance, depend¬ 
ing on the circuit conditions. When = Ee~°'^, by , 
means of the Shifting Theorem (6a) becomes 




X{p—a)^+[i{p—a) -t-E 


\_S{p—af+a{p~a)^+^{p—a) -f y_ 


(7a) 


When Z{p) is quadratic or linear, the two operational 
equations to be solved are 


r - g)" + iMP - O') + v ~] , 

\_a{p — cf)2 -j- /3(p — a) -I- yj 


(8a) 


and eg = 2KEe-^^ f ^ 

2 _ a) + y J 

Three separate equations are given because solutions 
for a certain order of p in Z{p) cannot be obtained from 
those for a higher order by equating the appropriate 
coefficient to zero. 

The equations will now be solved by means of the 
Expansion Theorem. Of course, absence of numerator 
coefficients does not invalidate the solutions. 


[c) Actual Solutions of the General Symbolic Equations. 

Five solutions have to be considered, one for (9a), 
two (corresponding to the aperiodic and oscillatory 
conditions) for (8a), and two for (7a). Equation (9a) 
will be solved first, 

(i) Linear Case .—The actual solution of (9 a) is given by 


P- 


_d F{p) 
dp 


a^-y] Sip) 


E)S — [xy 

~T~ 


from which 


2KE 


2 ^(y - a^) 


'if 


j 8 (v — aix)e~"’^ — {v^ — py)^ 


(10a) 


The subtraction of a term due to the presence of 
— Ee-^^ enables this solution to be put in the form 
given in equation ( 6 ), page 477. 
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(ii) Quadratic Case: Aperiodic Condition .—The actual solution of (8a) for this case is given by 


fiPi) 


A( — ^ -f 4- 2ap{— ^ A- 4>) A- , A{— -f 2a/x{— ^ — cj)) A- 4aV 


where <^2 _ ^2 _ 
From which 


62 = 2KE 


_a2a 




a, 




A(— /3 ih + 2a/x(— jS E </>) -{- 4a2y^-i3 4:tj; ^ 

± 2a(f){2aa — ^ Az (/>) ^ 2 a ^ 


(llA) 


(iii) Quadratic Case: Oscillatory Condition .—The actual solution of {8 a) for this case is obtained as follows 

For the given conditions, ,(jS^ — 4a'y)l = jifj. Thus (11a) can be written 

e, = 9.yB + v^ _., - a^jj. - 2ctyA + 2aV ± (afL - 

^ l_aa^ ~ A-y • ± i^a(2aa — ^ ± jift) 

By rationalizing the numerators of the coefficients of the second and third exponential terms, the latter are obtained 
in the form 


(12a) 


__ 2[(ajL6 — )3A) {yix — §v) A- (q.v — yA)^] _ 

i/|2[a(a|U, — j8A) -f- (yA —• av)] ±i*/'[(y — «j8) (a/x — jSX) -f a{yju, — ^v) -j- 2aa{av — yA)] 

The modulus of the denominator of the coefficient of (13a) is 

!/({4a[aa2 _ -f y] [(a/x - ^A) (yfx - ^v) 4- {av - yA)^]}^ 

so that (13 a) reduces to 




(13a) 


4- 




' {av - yA)^ 4- {ap^ - ^A) (y/x - /3tA) ^^-.£f 


a{aa^ — jSa 4- y) 


€ 2 a 


X cos I 


'{(it 

2a 


^ (y — a/S) (a/x — /8A) 4- o-{yi^ — + 2aa{av — yA)] 

d^rc tciii--— — ■■ t 

?/f[a(a/x -- pA) + (yA — av)] ) 


(14a) 


(16a) 


On transforming (14a) into the more useful form with a negative coef&cient, the complete solution becomes 

^ \aa^ — j8a 4- y L eta® — A- y J ^ f 

(y — al3) {BX — a/x) — a(y/x — ^v) — 2aa{av — yA) 

where Ui == arc tan- ^ ---—^ 

^[a(i3A — afi) 4 “ (ctv — yA)J 

The subtraction of terms due to the presence of — enables (11a) and (16a) to be put in the forms given in 

equations (7) and ( 8 ), page 478. 

(iv) Cubic Case: Aperiodic Condition .—^The actual solutions of (7 a) in this and the next case are cumbersome, 
but they become simpler and more usable when some numerator coefficients are absent, as frequently occurs 
in practice. The treatment here is somewhat different from that used previously, as it is necessary to derive 

the actual solution in terms of the roots of Z{p). ^ 

Let these be - py - p^. - pg. Then (7a) can be written as follows:— 


2KEe~^f ■ 


A(j? — g)® 4- pi'{p ~ a) Ar 


[_{p-~ a A- pi) {p —ct +Pz){P — + Pa) 


r“ 


which can be put in the form 


M 


N 


e.^2KEe-^ -—-t--—-r-- i 

^ Li3—a4-Pi P—a4-p2 P—<^+Ps^ 


(16a) 


L - 


Xpl — p.pi 4- V 


M 


Apa ~/xp2 + v _ 


N 


Xpl — p-pa + v 


(pa -- Pi) (Pa ” Pi) * ^Pi ~~ P^) ^P^ ~~ P^ ^Pi P^) ^P^ P^ 


where 
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The three terms of {16a) can be solved directly by the Expansion Theorem. 

1 


Talcing the first term, 2LKEe~^^ 


.p - a-jr pi. 


]l i 


its actual solution is 2LKE& 




1 g{“ — Pl)f" 

+ 

Pi. 


« - Pi 


a 


By solving the other two terms, inserting the values of the constants L, M, and N, and rearranging, the complete 
solution of (16 a) is obtained in the form 


eg = 2KE 


z—at 


Xp\ - ixp^±v 


:~Plt 


r Xa^ — pLa V 

L(Pi - a) (Pa “ «) (Ps - (Pi - «) (P 2 - Pi) (Pa “ Pi)' 

_Ap|-/iP2 + *^ _ _ _Ap| - p.p^ + p 


(Pa “ «) (Pi - Pa) (Pa - Pa) 


(Pa “■ ®) (Pi Pa) (Pa Pa) 


-P3< 


(17a) 


(v) Cubic Case : Oscillatory Condition .—In this case the equation which has to be solved in order to arrive 
at the actual solution of {7a) is 


eg = 2KEe-^^ 


X{p — a)^ -f /x(p — a) -\-v 


V ~| 

a + cr -{- i0_ 


_{p —a + p)ip-a + G — yO {P 

Its solution can be obtained directly by the substitution of the appropriate roots in (17a), 

e.g. Pi = p. P 2 = Ji. P3 = O' + 

The first and second terms of (17 a) then become respectively 

Xa^-fxa-hv Apg-/ip-j-i^ 


(18a) 


ip - «] -t- (cr - af] 


ip — Oj [^2 + (O- - p)2] 


(19a) 


and the last two terms become 

{Xa^-Xi^-lxG+v) ±j{fx^-2XGi) 

2^{^(«+p—So') ±j[i^+Gp—G^—a{p—G)Jj 

On rationalizing the numerators of these coefficients, transforming according to the usual rule, and collecting 
terms, one obtains the expression 


+ 2r[a - fl[A(cr + _ 

n I?'+ (P - <^)“] [P + (<^ - <] 


crt 


cos {it — Pj) 


where 6^ is 


(20a) 


arc tan {(o'^+^^)[A(o'p-^^-g^)-p-(p-o')]+Kpo-+i^-o-^)}+«{C^^ + °'^EAg-;u]+Ap[^^-g^]-|-jugp-f z/((T-p)} 

i{v{p--2G)—Xp{i^ + G^)+p{i^-^a^)-\-a[v—X{i^+G^) + 2XpG—p,p]} 

Equations (19a) and (20a) jointly give the actual solution of (18a). 

When A = ju = 0, and when similar terms incorporating 6 instead of a are subtracted, this solution and (17a) 
respectively enable equations (35) and (34) of the paper to be written down. Similar solutions can be obtained 
for equation (24cj). 


[The discussion on this paper will be found on page 619.] 
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THE DESIGN AND OPERATION OF A HIGH-SPEED CATHODE-RAY 

OSCILLOGRAPH. 

By J. L. Miller, Ph.D., B.Eng., Associate Member, and J. E. L. Robinson, M.Sc., Graduate. 

[Paper first received, IBth September, and in final form 2Zrd November, 1933; read before The Institution 40^ January, before the 
Mersey and North Wales (Liverpool) Centre %th January, before the North-Eastern Centre 2Qth February, and 


before the Dundee Sub-Centre Bth March, 1934.] 
Summary. 

Following an Introduction reviewing the essential require¬ 
ments of a high-speed cathode-ray oscillograph for the record¬ 
ing of short-time transients, consideration is devoted to the 
design and construction of an instrument of this description 
adapted to both internal electron-blackening and to external 
light-blackening photography. The problems discussed in¬ 
clude the construction of a cold-cathode discharge tube, the 
disposition of deflection plates, the operation of the time- 
sweep and beam-trap circuits, and the methods of synchro¬ 
nizing these with the transient under examination; this last 
leading to questions of voltage-division and delay necessary 
for synchronization. 


(1) Introduction. 

Experimental lightning research on transmission- 
system associated apparatus, involving the application 
of short-time transients, necessitates the use of a high- 
voltage impulse generator together with suitable measur¬ 
ing equipment. In its essentials the action of an 
impulse generator is well known; it consists only of the 
abrupt discharge of a condenser so arranged as to im¬ 
press on the test object a transient of the required nature. 
For the measurement of the transients three instruments 
—the spark-gap, the klydonograph, and the cathode-ray 
oscillograph—are available. While the first measures 
maximum values and the second gives an approximate 
idea of the general characteristics and wave-shape of the 
surges, the cathode-ray oscillograph is the only instru¬ 
ment capable of completely delineating the voltage/time 
relationships. 

Since lightning transients are not repeatable in the 
same sense as is a sustained oscillation, they must be 
recorded in a single traverse of the cathode ray, and 
since also their duration is of the order of microseconds 
only, they cannot be measured by the well-known low- 
voltage sealed-ofi type of oscillograph, although this is 
eminently suitable for repeated phenomena up to the 
highest frequencies. This failure is a consequence of the 
fact that at the high speeds of traverse of the spot 
involved (of the order of hundreds of thousands of feet 
per second) the trace on the fluorescent screen is insuffi¬ 
ciently intense to allow either of visual inspection or of 
photography with a camera; and in turn this lack of 
visual and actinic sensitivity arises from the low velocity 
of the electron beam generated by a voltage only of the 
order of 1 000 volts between cathode and anode. 

The photographic sensitivity may be increased both 
by employing higher-velocity electrons and by placing 
photographic plates inside the vacuum so that a record 
of the phenomena under investigation is obtained by 


direct action of the electrons on the sensitive emulsion. 
High-velocity electrons are obtained by using voltages 
of the order of 50 000 volts between cathode and anode, 
and the use of this high voltage constitutes the main 
difiference between the sealed-off glass-type and the high¬ 
speed oscillograph. 

In general, these instruments employ a cold cathode 
requiring a low vacuum of the order of a few millionths 
of an atmosphere in the discharge tube. The insertion 
of photographic materials inside the vacuum demands 
continuous evacuation, and accordingly a controllable 
air leak is necessary in order to obtain the requisite 
working gas-pressure in the discharge tube. 

Two pairs of deflection plates at right angles, serving to 
delineate the transient in Cartesian co-ordinates, are con¬ 
nected respectively to the test object and a capacitive 
circuit, the latter providing a uniformly varying voltage 
which sweeps the beam across the recorder to give the 
time or abscissa motion. 

When the cathode is kept energized for immediate 
recording, some means must be adopted to prevent the 
beam lingering on the photographic plate and causing 
fogging. This is frequently achieved by means of a 
diaphragm and a third deflection-plate system in the 
upper part of the oscillograph. These plates, when 
charged, deflect the beam to one side, so preventing its 
passing through an aperture in the diaphragm into the 
lower part of the oscillograph. On the arrival of the 
transient to be measured, the potential on the plates is 
made to collapse in a very short time-interval, with the 
result that the beam is available almost immediately for 
recording, and at the same instant time-sweeping is 
initiated. The record completed, the plates automati¬ 
cally recharge and retrap the beam with the minimum of 
delay. 

When the transient is controlled (that is, when it is 
generated at will in the laboratory) some method must be 
adopted whereby spark-over of the impulse generator is 
synchronized with the release of the beam and the com¬ 
mencement of time-sweeping. If the transient is uncon¬ 
trolled (as in the case of lightning surges in a transmission 
line) it must be made to initiate release of the beam and 
time-sweeping. In both cases some delaying device is 
necessary to ensure that its arrival at the deflection plates 
is delayed by a fraction of a microsecond until time¬ 
sweeping is in full operation. Finally, since the oscillo¬ 
graph deflection plates will only withstand relatively low 
voltages, potentiometers are required capable of giving 
faithful division of the fastest transients. 

The succeeding sections of the paper deal with these 
problems in detail. , . 
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(2) The Construction of the Oscillograph. 

The oscillograph, which is built up from sections of 
copper-alloy tubing, is shown diagrammatically in Fig. 1, 
whilst Fig, 2 gives a general idea of the sturdy and trans¬ 
portable construction of the instrument and its auxiliary 
equipment. 

At the lower end of the oscillograph is the photo¬ 
graphic chamber, which is suitable for either internal 
electron-blackening photography or, alternatively, out¬ 



side light-blackening photography,* In the first method 
the plates are contained in a holder (made integral with 
the cover plate) divided into two compartments, and are 
transferred as they are used from one to the other by 
turning a rotatable vacuum joint. Another rotatable 
joint controls the shutter of the holder, on which the 
traces can be examined through an inspection window 
before recording. In the second method a separate cover 
plate incorporating a thin glass window is used, against 
which a photographic film in an external holder is 
pressed in close contact. The window is supported on a 
fine-mesh grid built up of slotted and hard-soldered steel 
strips set into the cover plate (see Fig. 3). The whole is 
. of very rigid construction and, the surface being ground 
to a very fine finish, readily supports against atmo¬ 
spheric pressure a 5-inch diameter glass disc of 0 • 12 mm 
thickness. The disc extends outside the grid section on 

* See BibUography, (1), (2), (3), and (4). 


to the cover plate, where the vacuum seal is effected by 
tap grease between the glass and plate surfaces. The 
glass is coated on the inside with calcium tungstate, 
which fluoresces under the action of the beam, and in 
this way a record is obtained on the external photo- 



\ ' . 

Fig. 2.—-General viewof ^the oscillograph and its auxiliaries 
mounted in one transportable unit. 


a. Discharge tube. 

b. Beam-withholding chamber. 

c. Copcentrating coil. 

d. Potentiometers. 

e. Deflection chamber. 

/. Viewing window, 

g. ,'^ir-leak control. 

h. Rotatable plane-face joint for photo¬ 

graphic-plate control. 

i. Mercury diffusion pump. 

j. Time calibration oscillator. 


k. Supply transformer for time-sweep 

and beam-withholding circuits. 

l. Rectifying valve for time-sweep and 

beam-withholding circuits, 

m. Tripping-circuit condenser. 

«. Time-sweep condenser. 

o. Coohng water, fore-vacuum, and 

230-volt a.c. supplies. 

p. Fore-vacuum connection. 

q. Air leak to discharge tube. 
f. Initiating spark-gap, 

s. Water cooling for anode. 


graphic film by secondary light emission. Fig. 4 shows 
oscillograms taken by means of this apparatus. 

Evacuation, which is carried out by means of a two- 
stage mercury diffusion pump backed by the usual oil 
pump, takes place from the photographic chamber. 
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The pump connection is made rigid by means of sealed 
screwed joints and includes a large-bore metal tap which 
enables the oscillograph vacuum to be broken immedi- 



Fig. 3.—Grid support for thin glas.s window employed in 
external light-blackening photography. 


ately in order to change the photographic plates, thus 
avoiding the customary delay during cooling-down of the 
pump. The speed of pumping is such that the apparatus 



fylicroseconci:.; 


Pig. 4.—Examples of external photography. 

(а) Slow-fronted wave. Writing current 100 per cent greater than that used 

for internal photography. 

(б) Fast-fronted wave. Writing current the same as that used for internal 

photography. The liigh-frequency oscillations on the front of the wave, 
shown dotted in the reproduction, are readily discernible on the negative. 

is ready for operation within a few minutes from renewal 
of the plates. 

On top of the photographic chamber is the deflection 


chamber equipped with the transient and time-sweep 
deflection plates, which are mounted on porcelain insu¬ 
lators. Here also are fixed the electromagnetic bias 
coils for varying the mean position of the beam relative 
to the photographic plate. This control is necessary 
in the ordinate or transient direction, since several 
traces may be required on one plate without super¬ 
imposing, and again in the abscissa or time direction, 
because, where the simpler time-sweep circuits are in 
use, the initial or final position of the beam would 
otherwise occur in the middle of the plate. An ex¬ 
ample of the use of this control will be seen in the 
oscillogram of Fig. 5. 

Situated above the deflection chamber is the concen¬ 
trating coil, followed immediately by the beam-trap 
diaphragm and the withholding plates. 

The anode, disposed above the withholding chamber, 
is constructed of steel. To provide for the use of varying 
anode apertures the anode core is detachable, while to 
ensure good cooling it is made of steel and is a push-fit 



■ ~4 "" " 'S....2 ..I-:-...■ 

Microseconds 


Fig. 5.—Illustration of the use of ordinate bias control. 

(a') and {b') are the voltages appearing across 5 per cent of the line end-turns 
of a transformer winding when the waves incident on it are respectively 
those shown in (o) and (6). 

in the main housing. An internal water duct closely 
surrounding the centre core is provided for cooling 
purposes. 

The discharge tube, fed from a single-valve rectifier 
through a l-MQ resistance,* is of the cold-cathode type 
and is mounted on the anode. The cathode, which is 
adjustable in a vertical direction, is of aluminium. Air 
leakage takes place directly into the discharge tube from 
the fore-vacuum system through an adjustable needle 
valve, which provides a very accurate control of pressure. 
The tube is evacuated through an internal channel in 
the anode body, which includes an externally controlled 
cut-off valve for the purpose of maintaining a lower air 
pressure in the main body than in the discharge tube 
during operation, 

(3) Discharge Tubes. 

At the time of first consideration several designs of dis¬ 
charge tubes were available, the most advanced being 

* Finch has successfully employed a saturated diode as a feeding and regu-, 
lating resistance in the cathode circuit. See Bibliography, (5). 
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probably the metal tube described by Knoll, * while the 
more recent constructions due to Burch and Whelptonf 
in this country and BinderJ in Germany, both of which 
are very satisfactory, had not then been described. In 
view, however, of the generally critical nature of the 
operation of discharge tubes and the lack of operating 
data in the various publications, it was decided to develop 
a design from first-hand experience. 

It is self-evident that to be satisfactory a discharge 
tube should be electrostatically and thermally stable and 
capable of generating a beam of good intensity. While 
the first two of these requirements are attained by 
minimizing stress on the solid dielectrics by shielding 
them from stray charges and by providing for adequate 
heat dissipation, they are closely inter-related with the 
third, which requires some comment. 

Experimentally it has been noted that for a given post¬ 
anode beam current the size of the focused spot is con¬ 
trolled by the nature of the cathode assembly, the dis¬ 
charge current, and the anode aperture. The dependence 
on cathode assembly is well known, and arises, as shown 
by Busch,§ from the focused-spot diameter being a 
function of the minimum useful section of the discharge; 
this latter is probably close to or at the emitting area on 
the cathode and is determined by the field shape about 
the cathode face. The dependence on discharge current 
is probably explained by a corresponding increase in 
the cathode emitting area with increased current. The 
observed increase in focused-spot diameter with in¬ 
creased anode aperture may result from loss of efficacy 
of concentration with the larger attendant beam- 
section. 

As a result of these observations it is realized that in 
order to obtain a small concentrated writing spot both a 
small cathode emitting area and a small anode aperture 
are desirable and, in view of the latter requirement, to 
obtain adequate post-anode energy the pre-anode dis¬ 
charge density must be correspondingly high. 

With these requirements in view, a whisky bottle 
and a specially constructed bottle-like tube of heat- 
resistant glass were successively employed, in both cases 
the cathode being situated in the neck on an adjust¬ 
able mounting.il While both operated very quietly, the 
former gave an insufficiently dense beam and the latter, 
which had a very narrow neck to overcome this defect, 
was not capable of running continuously for more than 
10 minutes. If 

A subsequent design of tube capalple of continuous 
operation was therefore evolved; it is shown in Fig. 6, 
The introduction of a metal shield round the cathode 
provides a high degree of electrostatic focusing and 
at the same time overcomes the difficulty of glass 
stressing and heating. The focusing is such that the 
cathode emitting area is small, and the. discharge section 
is so concentrated that only a narrow anode aperture is 
necessary to give the required post-anode current. 
Actually, wdth an aperture of 0-35 mm and a discharge 
current of 1 milliamp., a current of as much as 25 micro¬ 
amps. may be obtained in the post-anode beam, although 
this is considerably greater than is required for internal 


* See Bibliograpiy, (6), 


& Th-n ^ Ibid., (7). 


writing. A further, though totally unexpected, advan¬ 
tage of this tube is the long useful life of its cathode. 

The shield takes the form of an inverted tulip-shaped 
cup, the cathode being disposed therein and provided 
with a control affording vertical adjustment in and about 
the neck of the tulip. The shield, free to assume any 
potential, is insulated from the cathode, and the dielectric 
(in the form of a flat glass disc) is outside the dynamic 
field. The focusing of the discharge is influenced by the 
disposition of the cathode relative to the shield, the best 
position being determined experimentally. There is also 
a maximum clearance between the two for stable running, 



Stability of ofieration depends on the inter-electrode 
length and the disposition of the anode. With long tubes 
stability is easily obtained, but for a given size of anode 
aperture there may not be the requisite post-anode beam 
energy and in addition there is considetable heating of 
the glass wall above the anode. As the tube is shortened 
the post-anode energy increases, until finally a minimum 
length is reached where instability occurs. When the 
length is decreased below this minimum the heating 
eventually disappears, but the tube is very unstable. 
By maintaining the cathode-anode separation at its 
minimum for stable running and by bringing the circum¬ 
ference of the anode up to within the distance from the 
cathode assembly necessary for elimination of heating, 
the two rather contradictory requirements are met and a 
satisfactory tube is obtained. This anode extension does 
not prevent heating by merely shielding the glass from 
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stray bombardment, but rather by altering the disposition 
of the electric field and hence the characteristics of the 
tube. Further, since the distance between the cathode 
and the anode aperture is greater than that between the 
lower extremity of the hood and the anode extension, 
there is no tendency for discharge to take place down the 
walls of the tube unless this path is made very short. 

(4) Dkflection-Chamber Design. 

The design and disposition of the deflection system are 
determined by the contending requisites of sensitivity 
and small overall length, together with the degree of dis¬ 
tortion which can be tolerated. In oscillographs used 
for high-voltage transient measurements actual deflection 
sensitivity is seldom of major importance and it may 
accordingly be sacrificed, in the interests of decreasing 
the oscillograph length, by minimizing the deflection 
length employed. For a required size of record there is, 
however, a lower limit to deflection length imposed by 
the exaggeration of deflection as the beam diverges from 
the normal. While this may be corrected for by cali¬ 
bration, it is preferable to minimize it by limiting the 
maximum angular divergence or, where is the maxi¬ 
mum displacement on the recorder and L is the deflection 
length, the ratio DJL. The differential error introduced 
by this divergence is d\iL^, and hence for a maximum 
permitted percentage error p and a required displace¬ 
ment the minimum deflection length which may be 
employed is IQD^^/p, The adoption of electromagnets or 
other devices for biasing* the beam permits sweeping to 
be provided equally about the axis, the total deflection 
obtained being then double this divergence. This fact is 
conveniently made use of in connection with the abscissa 
motion. 

For a given deflection length it is usually most logical 
to provide for maximum sensitivity, and for this condition 
geometrically the ratio of the plate length I to the separa¬ 
tion d should be equal to that of the deflection length L 
to the total desired deflection D, although in practice the 
considerable section of the beam as it passes through the 
deflection chamber, and the necessity of keeping it clear 
of the electrodes by imposing a minimum on the separa¬ 
tion which may be employed, require some deviation 
from strict equality. 

The deflection sensitivity is determined by the four 
dimensions d, D, I, and L, and for a given beam velocityf 
V (cm per sec.) the necessary deflection voltage E'X is given 

by 


tained, for arequired deflection the maximum sensitivity is 
nearly proportional to the square of the deflection length. 

The sequence of the time-sweep and the transient- 
deflection plates also requires some consideration. At 
the upper deflection plates the deflecting field requires 
only to be uniform over the small width occupied by the 
beam, whereas at the lower plates the inter-electrode 
field must be uniform throughout the whole locus of 
movement of the beam caused by the deflection of the 
upper pair. Consequently the upper plates are nar¬ 
rower than the lower, and they therefore have less 
capacitance, which may be advantageous for their con¬ 
nection to the transient voltage. This arrangement is 
also advantageous when it is desired to secure the greater 
deflection sensitivity for the transient-deflection plates. 
On the other hand the time axis is conventionally the 
longer and accordingly requires the greater minimum 
deflection length. If then it is desired to minimize the 
overall length of the apparatus, it may be preferable 
to mount the time-sweep plates the farther from the 
recorder. Actually, in the design of the present instru¬ 
ment, the latter sequence has been adopted. 

In regard to the necessary width of the plates, this 
must be sufficient only to provide an undistorted field 
throughout the locus of motion of the beam, although it 
must be remembered that at this point the section of the 
latter is relatively great. This question is closely related 
to that of the annular clearance to the metal casing, in 
that narrow electrodes require a large clearance and have 
small earth capacitance, wlflle broader electrodes, per¬ 
mitting a reduced casing diameter, have a greater capaci¬ 
tance. Considerable reduction of this annular clearance 
is permissible when employing a symmetrical field, and 
this is generally obtainable in the time-sweep circuit. 

(5) Time-Sweeping. 

A single-sweep time motion is employed, the time 
deflection plates being connected across the condenser of 
a condenser-resistance circuit, which on being discharged 



E = 0-565 X 10-1® 
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where c is the velocity of light (cm per sec.). Accordingly 
the sensitivity DJE is proportional to ILjd for a given 
oscillograph and, when the relation dfl == D}L is main- 

* In view of the symmetrical disposition and saving of length afforded, the 
practice of dividing time-sweeping equally about both sides of the oscillograph 
axis is superior to off-setting the recorder. In the abscissa circuit, where stray 
earth capacitance is not of primary importance, electrostatic bias may be intro¬ 
duced by the inclusion of condensers suitably charged from a very high- 
impedance source. Since the preparation of the paper one arrangement on these 
lines, providing also a symmetrical deflection field, has been developed by the 
authors. 

t The velocity of high-voltage rays may be obtained from the relationship 

= cy[F(F -I- 1-02 X 108)]/(F-f 0-51 X 100), where F is the total 
accelerating potential (volts). See Bibliography, (13). 

$ See Bibliography, (14), 


Fig. 7.—Schematic diagram of time-sweep circuit. 

sweeps the beam uniformly across the recorder according 
to the simple exponential law. 

The circuit is shown diagrammatically m Fig. 7, the 
connections of the d.c. voltage supply 8 (which in the 
present case is 15 kV) being also shown. R^ and Gi 
are respectively the resistance and capacitance of the 
time-sweep circuit, and Ca represents the capacitance of 
the time-sweep deflection plates, the resistances ^-r being 
included to prevent any local oscillation in this part of the 
circuit. G is a sphere-gap whose setting is just greater 
than that required for spark-over of the supply voltage. 
Gg is the capacitance of the supply reservoir condenser. 
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which is several times Q; while Rg is the supply resistance, 
which must be so large as to allow extinction of the gap 
arc in the time determined by RtCt, so that this arc has 
no tendency to persist and discharge Cg. When this 
condition is obtained the time of recharge of is of 
the order of a fraction of a millisecond. Normally, of 
course, such recharge would involve the slow retracing 
of the beam across the recorder, but this is prevented 
by withdrawal of the beam when Ct is discharged. 

When initiation of discharge is effected by reducing the 
gap separation or by increasing the supply voltage, on 
recharge of Ct spark-over of the gap tends to occur 
repeatedly with a periodicity determined by RgCt. 
Since each spark-over releases the beam, an unwanted 
series of traces along the time axis will then be drawn. 
It is undesirable to avoid this by adequately increasing 
Eg, and the difficulty is overcome by the use of a rotating 
switch which is arranged to sweep within sparking dis¬ 
tance of the gap electrodes for a time less than the 
periodicity of spark-over. Thus, release of this switch, 
which is spring-loaded, ensures that only one time- 
sweep is made. When the gap is tripped electrically the 
question of time of recharge of Gt has no significance. 

In order to prevent loss of focus of the beam it is 
desirable that during discharge of the potential of the 
time-sweep plates should be equally divided about earth. 
This is achieved by dividing symmetrically the dis¬ 
charge resistance Rt, as shown in Fig. 7. With the simple 
arrangement shown the condenser voltage under static 
conditions is not symmetrical, but symmetry does obtain 
on spark-over of the gap. 


(6) Beam-Withholding, 

By reason of the fogging which would otherwise result 
some means must be provided to prevent the beam 
lingering on or near the recorder before and after time¬ 
sweeping. To this end a large number of arrangements 
have been developed, and the devices of Norinder,* 
Krug,t Rogowski, J Boekels,§ and the American workers, || 
all have their respective advantages. The present 
authors preferred, however, to use a beam-trap system 
such as that described in Section (1), since this arrange¬ 
ment adds little complication to the equipment, is 
sufficiently rapid in action to allow of very fast pheno¬ 
mena^ being recorded, is capable of very complete 
trapping, and requires only a relatively simple operating 
circuit which is readily synchronized with the timing 
circuit. 

The withholding chamber is designed to maintain the 
capacitance of the deflection plates at the lowest possible 
value, which minimizes the time-constant of the con¬ 
nected circuit and ensures rapid release of the beam. In 
connection with the arrangement of this electrode 
system a practice which is much favoured is the use 
of two pairs of oppositely-connected deflection plates.^ 
In favour of this system are the facts that the beam 
may be arranged to emerge through the aperture when 
the withholding voltage has fallen to any desired value 
and that any small oscillations in the withholding circuit 
are not evidenced on the record. In the present instance, 

II See, for instance, Bibliography, (19) to (23). ibid! (7). 


however, only one pair of deflection plates is employed, 
and with careful design of the associated circuits the want 
of the above advantages has never been apparent. 

A circuit similar to that of Fig. 7, but of much smaller 
time-constant, is suited to controlling this type of with¬ 
holding arrangement, and by connecting it across the 
spark-gap in parallel with the time-sweep circuit syn¬ 
chronization of action is automatically obtained. This 
connection, together with the time-sweeping circuit, is 
shown diagrammatically in Fig. 8, where Cq and Rq 
represent the capacitance of the withholding deflec¬ 
tion plates and the damping resistance respectively, 
the other symbols being as in Fig, 7. In practice 
it is unnecessary to include any withholding capaci¬ 
tance other than that inherent in the withholding 
plates. The value of Rq is just sufficient to prevent local 
oscillation, so that the time-constant RqCq is only of the 
order of 10“® sec. On this account the speed of release 
of the beam is controlled by the rate of development of 
the spark arc, and thus, where extremely rapid release is 
required, it has been found beneficial in obtaining the 
appropriate duration of time-sweep to employ a relatively 



Fig. 8. —Schematic diagram of time-sweep and with¬ 
holding circuits. 


large value of Ot and a low value of Rt so as to give a 
hot spark. This procedure also has the advantage of 
minimizing coupling between circuits, and in the absence 
of any oscillatory component in the spark current the 
use of a separate heating condenser has been found un¬ 
necessary. 

After completion of time-sweeping, when the spark is 
extinguished, it is necessary to effect withdrawal as 
rapidly as possible in order to prevent retracing of the 
beam across the recorder while Ot slowly recharges 
through the high feeding-resistance Rg. The time 
required for this withdrawal may be investigated by con¬ 
sidering the recovery voltage on the capacitance C’y. 
Neglecting the time-constant rCa, the equation for this 
recovery voltage Cq is:— 






2a 


.t±t 1 

2a 
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where a = {R^Rt -j- R^Rg RgRt)G^Gt; 
P = 0^{Rg -f- Rq) -f. Ct{Rg + Rt) ; 
//. = RtCt; 

^ = ()8^ — 4a)i; 


2a \ 
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and S is the supply voltage. 

Consequently the voltage recovers in two steps, this 
being shown by the presence of the two exponentials. 
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As has already been mentioned, Rg is large and so is 
generally much greater than Ri and Rq, as also is (7j than 
Gq, and hence the approximate recovery equation is 

60 = ^ 

Thus the amplitude of the rapid-recovery term (the 
last) is so small that the effective withdrawal speed of 
the beam is determined by the time-constant RgCt- 
Accordingly, recovery of the voltage to 10 per cent 
occupies about 0 • IRgCt second, which, by suitable choice 
of constants, withholding-plate deflection sensitivity, and 
size of aperture in the diaphragm, may be arranged to 
effect withdrawal in a time of the order of 10"^ second.* 

As regards the disposition of these circuits, it is desir¬ 
able that the connections should be short and direct. As 
shown in Fig. 2, the equipment is separated only a few 
inches from the oscillograph body and so the use of short 
leads follows naturally. Further, by careful arrange¬ 
ment of the connections, despite the close proximity of 
the various units, interaction is obviated. 



(7) The Measurement of Controlled Transients. 

As has already been mentioned in Section (1), the 
measurement of voltage transients produced by impulse 
generators'! introduces two distinct problems. The first 
is the synchronization of the oscillograph auxiliary cir¬ 
cuits (i.e. the time-sweep and beam-withholding con¬ 
trols) with the impulse generator, and the second is the 
arrangement of suitable potentiometers as intermedi¬ 
aries between the test object and the deflection plates. 


{a) Synchvonization of the Impulse Generator with the 
Auxiliary Circuits. 

Essentially the first problem reduces to a consideration 
of whether the transient should initiate spark-over of the 
gap controlling the withholding and time-sweep circuits, 
or whether arbitrarily-controlled spark-over of this gap, 
besides commencing time-sweeping, should also trip the 
impulse-generator spark-gap and so initiate the transient. 

♦ Several authorities have found it necessary to increase the speed of with¬ 
drawal by the use of auxiliary circuits. Forinstance, Rogowslu (see Bibliography, 
18) has employed a system of Faraday cages whereby the beam retraps itself. 
It would appear, however, that even with beam currents of the order of 10 micro¬ 
amps. withdrawal still takes 10-sec. Boekels fsee Bibliography, 18) has also 
suggested the use of an auxiliary condenser circuit containing a triode whose 
grid voltage is neutralized when the condenser voltage has fallen to a prede¬ 
termined value; the passage of anode current can then effect withdrawal either 
electromagnetically or mechanically by actuating a solenoid-operated shutter. 
The present authors once used an adaptation of Boekels’s suggestion; they placed 
the grid of the triode across a resistance in the time-sweep circuit, and when its 
current fell to a predetermined value withdrawal was effected electrostatically. 
The need for such a device, however, does not arise when time-sweeping is 
arranged to carry the beam right off the recorder. 

t It is desirable to draw attention to certain important factors regarding the 
various arrangements of impulse generators for transient research. For the 
purpose of impressing a predetermined transient on a. test object, such as a 
bushing, a transformer, or insulation, its direct connection across the discharge 
resistance of the generator is usual, although in the case of transforrners this 
arrangement probably does not impose such severe voltage stresses m does the 
discharge of the generator capacitance directly into the transformer. With some 
test objects, however, such as rotating machines, cables, and certain types of 
surge absorbers, it is important to investigate internal to-and-fro reflections 
caused by incident travelling waves; and on occasion it is important to examine 
external reflections. In such oases the impulse generator should simulate the 
surge-impedance characteristics of a transmission line. For some purposes 
sufficient approximation to this has been obtained by including a resistance equal 
to the desired surge impedance between the surge generator and the test object. 
Another arrangement, and one which very closely simulates a transmission line, 
is the use of a generator with constants adjusted to the critical state so that its 
response is resistive to any equivalent frequency (see Bibliography, 24). Since 
these arrangements do not set up travelling-wave conditions, for reasons apart 
altogether from the question of delay it is desirable, on occasion, to employ a 
length of actual transmission line. 


In tbe former system it is necessary to delay the transient 
before it reaches the deflection plates, and this can be 
readily achieved by interposing a cable of suitable length 
between these and the potentiometer across the test 
object. In the latter system the necessary delay can 
also be obtained in this manner, or alternatively by 
delaying the arrival of the tripping pulse at the surge- 
generator spark-gap,* when only direct connection of the 
deflection plates across the potentiometer is necessary. 

For the measurement of uncontrolled transients, other 
than the use of an oscillatory time motion, there is no 
practical alternative to the adoption of the first system, 
and it is widely employed with satisfactory results. On 
the other hand, when the transients are under control, 
as in laboratory work, both systems are applicable. 

It is apparent, however, that the joint use of cable 
and capacitive or resistive dividers has some disad¬ 
vantages not wholly shared by the corresponding simple 
dividers. For instance, the potentiometer-and-cable 
arrangement has characteristically f a lower impedance 
than the simple potentiometer, and under certain circum¬ 
stances imposes excessive loading on the test object with 
consequent distortion. This is chiefly of importance in 
laboratory work for such purposes as the measurement 
of transient voltages between turns or coils of a trans¬ 
former, where the local inherent capacitances may be 
very small. In such a case there is also the compUcation 
of duplicating the cable delay, while in the transmission 
of very abrupt impulses even short lengths of cable 
always introduce a small percentage of distortion. In 
view of the fact that the present equipment is designed 
for laboratory work, it is an obvious choice to employ 
the second system and arrange for the impulse generator 
to be tripped from the oscillograph auxihary circuits, 
delay being obtained in the tripping circuit. J 

This circuit is shown in Fig. 9. The normal 2-electrode 
gap of the impulse generator (or the first inter-stage gap 
of a Marx generator) is replaced by a 3-electrode one 
with insulated middle sphere. In operation, with the 
generator supply voltage adjusted just below spark-over 
of the gap, the middle electrode takes up a mean potential 
and application to it of a small tripping voltage serves to 
initiate spark-over. 

This tripping voltage is obtained from an additional 
capacitance discharge circuit C^Rj, connected across the 
common spark-gap G of the time-sweeping and with¬ 
holding circuits, and operation of the rotary switch, 
besides initiating these circuits, generates across R^ the 
impulse fed to the third electrode of the impulse generator. 
Spark-over of the latter thus lags on the operation of 
the gap G with a delay determined by the circuit con¬ 
stants. The low value of the coupling condenser in 
conjunction with a high value of R^ limits the back- 
voltage injected into the cable at breakdown of the 
3-electrode gap to a few volts only, and this is readily 
absorbed at the sending end. 

For some investigations a short double overhead line is 
employed. The time of a single traverse of a wave along 


* See Bibliography, (25) and (26). 

t Burch has recently demonstrated methods of consideraoly reduemg the 
ipacitance, and therefore the loading, of a capacitive-cable device mthout 
icreasing the distortion (see Bibliography, 27). 

t Some interesting discussions on cable delays and potentiometers 
sen published since the preparation of this paper (see Tra^isacHons of the 
merican 1933, vol, 53, pp. 655—567). 
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this line is 0 • 8 microsecond, and thus the arrival of the 
transient at the oscillograph is delayed by this amount 
on spark-over of the impulse generator. This is disad¬ 
vantageous in very short-time investigations, when the 
total duration of time-sweep may only be of the same 


capacitive loading and are suitable for work involving 
measurement of transient voltages superimposed on 
power frequency. These dividers where convenient take 
the form of concentric cylinders surrounding the high- 
tension electrode, and are so proportioned that the outer 


H.T. Direct-current 



To TIME-SWEEP CIRCUHS 
TO witholding CIRCUIT 
TO SUPPLY 



order, with the result that the transient appears towards 
the end of the trace on the record. This difficulty is 
overcome by arranging for the impulse generator to 
initiate the auxiliary circuits, the normal gap G being 
replaced by a 3-electrode one whose middle sphere is 
suitably fed through a coupling condenser or antenna 
from the generator terminal. (The arrangement, of 
course, is suitable for amphipolar tripping of uncontrolled 
transients.) This ensures that arrival of the transient 
at the oscillograph only lags behind the initiation of 
time-sweeping by the difference of the delays in the line 
and the tripping circuit, and as this latter is under 
control the difference may be made as small as desired. 

Distortion which may arise in the overhead line is not 
of importance, since the transient measurements are made 
at the terminal and are therefore only in respect of the 
received wave-shape. Actually, however, the length of 
the line is often artificially made very great by the use 
of a generator tuned to give pure resistive response 
{equal to the line surge-impedance) to reflections returned 
from the terminal, and on this account the line distortion- 
factor is minimized in order that absorption of reflection 
may be as complete as possible. 

(6) Potentiometers. 

In the case of resistance potentiometers the capacitive 
loading of the oscillograph deflection plates and leads 
imposes a minimum on the value of the resistance if dis¬ 
tortion is to be avoided, and the consequent considerable 
and maintained loading of these potentiometers greatly 
restricts their application. Except, therefore, for such 
conditions as the measurement of impulse-generator 
wave-form, where voltage division is sometimes con¬ 
veniently obtained by tapping the discharge resistor re¬ 
sistance dividers are not employed. Further, at high 
voltages, where the dividers are of necessity long, 
inductive and earth-capacitance effects give rise to dis¬ 
tortion with the faster transients even when the dividers 
take the form of liquid tube resistances. 

The use of condenser potentiometers is therefore 
favoured, since they need only introduce a very small 


earth-connected cylinder overlaps the middle electrode 
and effectively shields it from stray electric fields. 

For measurement of inter-turn voltages on trans¬ 
formers and similar windings, two carefully-matched con¬ 
denser potentiometers are employed, the voltage appear- 



Fig. 10. 


^ 10 per cent of the line end-turns of a transformer 

fil Voltage to earth at the transformer terminal. 

/S ^ pe'^ i^ent down the winding. 

(d) Anthmetical difference of (6) and (c). ° 


(a) 

lb) 


taken using two condenser potentiometers, 
and (c) taken using one condenser potentiometer. 


ing across the deflection plates being the difference 
between turns reduced in the appropriate ratio. In such 
cases since the local earth and inter-turn capacitances are 
often very small, these may be very sensitive to addi¬ 
tional loading, so that efforts are made to reduce as far 
as possible the potentiometer capacitances. 

Various tests can be devised for estimating the error 
introduced. Thus measurements can be made with and 
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without an additional identical pair of potentiometers in 
circuit to estimate the extent of the effect of such added 
capacitances. Another test is made by comparing the 
arithmetical difference of separately-made oscillograms of 
the voltages at the two points with the record of the dif¬ 
ference obtained electrically. In this connection Fig. 10 
is an interesting oscillogram; (a) shows the voltage across 
10 per cent of the line end-turns of a transformer using 
two potentiometers, while (&) and (c) respectively show 
the voltage to earth at the terminal and the voltage to 
earth at a point 10 per cent down the leg, using one 
potentiometer in each case. The arithmetical diherence 
of [h) and (c) is drawn in {d), and superimposes satis¬ 
factorily on {a ). 
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Discussion before The Institution, 4th January, 1934, on the Papers by Dr. Miller 


(see Page 473), and Dr. Miller and Mr 

Mr. B. L. Goodlet; Regarded from the purely 
mathematical point of view the, first paper has several 
commendable features. It is in the first place thoroughly 
orderly. The author considers a general type of line 
transition point and deduces a general equation for the 
voltage he requires. All the various combinations which 
he considers are treated as special cases of the general 
equation. This general method of approach has in my 
opinion many advantages. Although special solutions 
can often be obtained by special tricks, the general 
method of approach is easier to remember and also more 
educative. The second good point of the paper is Jhe 
very large number of numerical examples it contains. 
Personally when I have worked out a solution sufficiently 
far to see what happens in a general kind of way I publish 
it, and hope that someone else will do all the tedious 
arithmetical computations. The author on the contrary, 
'hfl.R worked out some 30 sheets of curves with truly 
Germanic thoroughness. These curves will undoubtedly 
be very useful to less industrious writers. On the other 


. Robinson (see Page 511) Respectively. 

hand I am bound to say that apart from the clarity 
imparted by these numerical examples the paper adds 
little to our knowledge of travelhng waves. The paper 
is essentially an orderly presentation of existing know¬ 
ledge, rather than a piece of pioneer work. No new 
problems are solved and no new mathematical methods 
are employed. Bewley in his book “ Travelling Waves 
on Transmission Systems ” covers the same ground as 
the author, and much more besides. Considering the 
paper from the practical point of view, I am inclined to 
fhink that the author has allowed his mathematics to 
run away with him. The function of mathematics in 
this kind of engineering research is not the prediction 
of what will occur but the quantitative explanation of 
what cZoes occur.. In other words, observation should 
precede or accompany calculation. Predictions and 
assumptions not checked by observation are frequently 
found to be incorrect. For tins reason many of the 
author's conclusions regarding the practical applications 
of his results must be accepted with reserve pending 
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their confirmation by experiment. It is, for example, 
hard to believe that the complicated equipment of a 
substation reacts on the line like a simple condenser. 
I should anticipate internal reflections and oscillations 
to be apparent, and I do not think the American tests 
quoted on this point are conclusive. 

The second paper is essentially the record of a piece of 
experimental research carried to a successful conclusion. 
The authors are not the first investigators to build a 
high-speed cathode-ray oscillograph in England—^this, I 
think, was done by Burch and Whelpton—^but their 
design nevertheless incorporates many features of 
interest. I congratulate them on their success with the 
non-metal discharge tube and with external photography. 
The authors appear to have worked only with controlled 
transients, and express a preference for this method in 
the laboratory while recognizing its limitations in the 
field. We, on the contrary, treat all transients as un¬ 
controlled. ^ The authors' method as indicated in Fig. 9 
has one disadvantage, which in the case of a genera¬ 
tor with many gaps might be serious. Their timing 
motion is initiated before, not after, the impulse has 
been propagated through the impulse generator itself. 
Their delay therefore includes this propagation time, 
which is variable with the settings of the impulse- 
generator spark-gaps. This uncertainty is avoided in 
our methodi the resulting accuracy of timing—even 

on a multhgap generatpr—is very high indeed. The 
authors also seem to prefer condenser-type potentio¬ 
meters. For voltages of the order of 100 kV, as employed 
in their experiments, these may be satisfactory. For 
higher voltages, of the order of 1 000 kV, any arrange¬ 
ment of concentric cylinders would be exceedingly large 
and awkward. The capacitance errors in resistance 
potentiometers are not serious in practice. I congratu- 
^te the authors on the admirable agreement obtained in 
Fig. 10, and should be glad if they would incorporate 
in their reply a diagram of the connections of the matched 
potentiometers to which they refer. 

Mr. R. A. Watson Watt: The authors of the second 
paper are unduly kind to the glass-type cathode-ray 
oscillograph in saying that it “is eminently suitable 
for repeated phenomena up to the highest frequencies.” 
The weU-known sealed-off oscillograph in general use in 
this country contains gas, and that gas content is such 
that two very serious troubles arise in its application to 
high-frequency working. There is the familiar pheno¬ 
menon of “origin distortion,” and there is the much 
more serious problem of the defocusing of the spot, 
owing to the failure of the ionization mechanism which is 
depended on to maintain the focus in the gasfilled 
tube In connection with focusing problems, I should 
like to ask the authors whether, when using the apparatus 
described in the paper, they do not find difficulty in 
tocusing by the comparatively simple solenoid type of 
electron lens. This method has the inherent disadvan¬ 
tage of converting the original Cartesian co-ordinates 
S co-ordinates, and I should have thought 

that the distortion, of the diagram might be sufficiently 
serious to impair the usefulness of the apparatus. I 
was very much surprised to hear Mr. Goodlet suggest 
that the mathematician should be a historian rather 
than a forecaster. Every engineering designer, whether 


he likes it or not, is compelled to predict the perfor¬ 
mance of his apparatus in conditions about which he 
may not know very much. My main text in this dis¬ 
cussion is just this point of how far the difficulties faced 
by the authors and those who are dealing with the 
same kind of problem are due to the inability of the 
methods which have been used up to now to provide the 
data for forecasting the performance of ne w apparatus and 
equipment, in the conditions imposed by the incidence 
of lightning. In Section 3 of the first paper it is stated 
that the characteristic shapes of true lightning waves 
are known, and, although this is qualified on the previous 
page by the statement that “ the analysis given later 
deals with the waves when they reach the circuit under 
examination,” I feel that we shall soon be in difficulties 
because we do not know the characteristic wave of 
lightning. What we do know is the time-curve of 
variation of voltage at a particular pair of terminals 
after a wave released by the lightning has reached these 
terminals. Much of the data obtained from the American 
observations is robbed of its value because it has been 
filtered through the behaviour of the transmission-line 
system before reaching the measuring terminals. In my 
work on the effects of lightning- flashes on radio receivers 
I meet with the same essential difficulties as those faced 


by the authors and other workers, namely that the atmo¬ 
spherics reach me not directly from the lightning flash 
but after propagation through the “ transmission 
network ” of the ionosphere. There are obvious diffi¬ 
culties and discomforts about examining a lightning 
flash at its place of origin, but the trouble in the break¬ 
down conditions with which the engineer has to deal is 
that the most damage is caused when the place of origin 
of the lightning flash happens to be a generating station 
or a substation. I suggest we must get to the place of 
origin of the lightning flash before we can submit the 
problem to the analysis which it requires. The observa¬ 
tions will be a good deal easier to make now that we have 
a “ pocket ” oscillograph of the variety designed by the 
authors, which may be taken to places where we may 
reasonably hope to find a good supply of lightning. It 
is a matter of regret to many, including myself, that 
those responsible for the design of important distributing 
systems should appear to have worked on the basic 
assumption that there is no lightning in this country! 
I think that pressure of experience may lead to a modi¬ 
fication of this assumption, and the work of the authors 
will facilitate the resulting fresh attack on the lightning 
problem. 

Prof. J. T. MacGregor-Morris: In setting out the 
results obtained mathematically, and also experimentally, 
in these cathode-ray oscillograms, I would put forward 
a strong plea that in all cases the time scale should 
increase from left to right—as is tlie common practice 
in almost all graphs. I agree with Mr. Watson Watt 
that in the second paper the authors are too kind to 
the sealed-off oscillograph, and they omit to mention 
that the focusing fails. On a sinusoidal wave the 
focusing fails at a frequency of something like 200 000 
to 500 000 cycles per sec., depending on the gas used 
in the tube. I should be glad to know the dimensions 
of the focusing coil shown in Fig. 1, and the ampere- 
turns that are required for a given voltage on the tube. 



521 


DR. MILLER AND MR, ROBINSON RESPECTIVELY. 


What is the relation between the ampere-turns in the 
coil and. the exciting voltage to give correct focusing ? 
I should like to congratulate the authors on the excellent 
results of their external photography. This is the first 
time, so far as I know, that such photography has been 
carried out in England. If their time scale were a uni¬ 
form one, the grid arrangement shown in Fig. 3 might 
be used as the co-ordinates for making measurements, 
and it would be even more helpful in that way. Have 
the authors determined the relation between the photo¬ 
graphic action and the current in the beam ? Some years 
ago Dr. A. B. Wood* predicted a certain relation be¬ 
tween chemical activity, photo-actinic activity, and beam 
intensity; perhaps the authors have figures by which 
they could check this theory. With regard to the last 
paragraph of Section (2), I should like to ask whether 
the authors have measurements of the pressure in the 
upper part of the tube, where the air leak is, and also 
in the lower part. If so, I think it would be well to 
give them, because there is a considerable amount of 
vagueness about this point even now in connection with 
the relative degrees of exhaustion in sealed-off tubes and 
in tubes working on pumps. I do not agree with the 
statement in the third paragraph of Section (3), to the 
effect that " The dependence on cathode assembly is 
well known.” If the authors have some knowledge on 
this subject which they feel they can give, I should 
be glad if they would do so. I notice from a German 
publication that Malschf has recently done a good deal 
of work which bears on this problem, and I think it 
would be well to add his name to the Bibliography 
given. I have tried to compare the efSciency of the 
tube of which the authors give details with that of the 
one referred to by Malsch. From what is stated in 
Section (3) of the paper it will be seen that there are 
60 watts in the discharge and IJ watts in the beam; 
in other words, only 2| per cent of the energy which 
is being delivered to the tube gets down the beam and 
goes on to the photographic plate. It seems to me 
that if we understood the electro-optics pf the tube 
thoroughly we should be able to get a higher efficiency 
than this. Working out the current density, I find that 
in the beam it is 260 microamperes per mm^, whereas 
Malsch gets 20 000 microamperes per mm^—about 80 
times as much. Malsch's value was obtained at 40 kV; 
probably the authors' results were obtained at 60 kV, 
and, if so, the density of the beam might be higher. 
The last point to which I wish to refer is in connection 
with Fig. 6. A metal cathode shield is shown in the 
assembly, ^nd it is stated in the paper that the shield 
is free to assume any potential. If the potential of that 
slxield is important, it seems rather haphazard to allow 
it to vary. Will the authors state the potential of that 
shield, and also draw in Fig. 6 a few of the lines of 
electrostatic force and of the equipotential lines? This 
would materially assist in giving a true idea of the method 
of working of the shield. 

Mr. V. Z. de Ferranti: It seems to me that the authors 
have before them a great opportunity to make electricity 
both cheaper and more reliable. I say cheaper, because 
the grid is based on,the idea bf making it possible to 
*1082, vol. 71, p. 41. 

t “ Electron Current Density in Cathode-Ray Tubes,” ArcUv fur Elehiro- 
fcctofA, 1933, vol. 27, p. 642. 
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shut down unwanted plant; unless the grid is reliable 
we shall not be able to do this, and therefore the expected 
advantages will not be realized. It seems to me that 
if the engineers responsible for electricity supply will 
co-operate with manufacturers of apparatus and others 
who have studied this subject, we shall make very rapid 
progress towards a cheaper and more reliable supply. 

Prof. G. W. O. Howe: About six months ago the 
Vienna journal Elektrotechnik und Maschinenbau pub¬ 
lished a jubilee number, and asked various authorities 
to contribute articles on special subjects. One of these 
was a review of recent progress in cathode-ray oscillo¬ 
graph work, by Prof. Rogowski.* I suggest that this 
article be added to the BibUography of the second paper. 
It describes the great progress which is being made in 
oscillographs for high voltages and high-speed work, and 
in external photography. Dealing with the amount of 
light available for external photography, it is stated 
that if the spot of light be unfocused a 100 000-volt 
oscillograph tube will give a candle-power of over 100. 
With this instrument a photographic record of a transient 
can be obtained in which the spot moves across the 
screen with a speed exceeding one-third of the velocity 
of light. There is one point which I should like the 
authors of the second paper to explain. In the Intro¬ 
duction they say: “ When the transient is controlled 
(that is, when it is generated at will in the laboratory) 
some method must be adopted whereby spark-over of 
the impulse generator is synchronized with the release 
of the beam and the commencement of time-sweeping. 
If the transient is uncontrolled (as in the case of lightning 
surges in a transmission line) it must be made to initiate 
release of the beam and time-sweeping.” Surely, if the 
apparatus will work automatically when it is uncontrolled 
by a lightning flash, it would work equally well uncon¬ 
trolled in the laboratory with an impulse generator ? It 
would, of course, be very convenient to have an alterna¬ 
tive to the automatic release when dealing with controlled 
transients, but I cannot see that it is essential. 

Lieut.-Col. A. G, Lee: Mr. Watson Watt has put his 
finger on a weak spot in connection with the mathematics, 
namely that the mathematics and the oscillographs 
merely indicate the effect of the current in the line, 
given certain artificial attack conditions which are not 
related to hghtning. The line conditions determine the 
current and voltage obtained, and these in turn depend 
on the form of the attack. I should be doubtful about 
the results of an artificial spark system of attack as 
compared with those obtainable from real lightning. 
When I was at Perth, in Scotland, a few months ago, 

I was informed that, in the summer, lightning occurs 
very frequently in the country between Perth and 
Inverness. I imagine, therefore, that the Grampian 
Power Co., which operates in that area, wiU have ample 
evidence regarding the effect of hghtning, and could 
afford the authors every opportunity of trying out their 
oscillographs on real lightning. I have known of only 
one case of attack by lightning on wireless aerials and 
masts. This occurred at the Lyons station, France, 
where the mast was brought down by a 90-m.p.h. gale. 
I do not know of any case of hghtning having attacked 
our large wireless masts in this country. My observa- 

♦ Elehtrotechnik und Maschinenbau, Wd3, vol. 50, p. 249. 
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tions have led me to believe that the high masts, which 
are provided with good earthing systems, drain the 
atmosphere above of electricity, so that the chances of 
lightning occurring in their vicinity become smaller. 
When the black thunder clouds approach the station the 
lightning ceases, and after they have passed beyond it 
the hghtning comes on again. It seems to me, therefore, 
that the efficient earthing of power-line masts is a very 
important factor which might be studied in this connec¬ 
tion, In wireless work, copper bonding of the masts is 
quite usual practice, and especially across the concrete 
base to the earth plate. With regard to the efiect of 
line plant in determining the form of current attack by 
lightning, I suggest that to reduce the effect of lightning 
at a power station or substation it might be desirable 
to convert the line into a low-pass filter. If air-core 
chokes or coils, such as are used in wdreless work, were 
inserted at intervals along the line, these coils, coupled 
with the capacitance of the fine, could form a low-pass 
filter and tend to cut off any steep wave-fronts which 
might result from the attack of lightning. Earthing 
arrangements would be necessary at each coil, so that if 
the fine were struck by lightning a discharge could take 
place to earth at once. Isolating the attack in this way 
would ensure that a relatively small pi'oportion of the 
fine capacitance was concerned in the attack. The 
amount of energy to be subsequently dissipated in the 
resulting oscillations would then be reduced as compared 
with the case where the capacitance of the whole line 
is allowed to absorb energy from the lightning flash. 

Dr. E. H. Rayner: The modern cathode-ray oscillo¬ 
graph, and especially the high-voltage oscillograph, has 
the valuable property that in an ordinary laboratory 
the incident to be photographed can be seen at a writing 
speed of the order of 200 km per sec. It can be repeated 
several times for visual inspection before the photograph 
is taken. The fact that the hit-or-miss methods in use 
some years ago need no longer be employed removes 
one of the serious disadvantages of internal photography, 
namely that of having to break and raise the vacuum 
every time a plate is exposed. With modern pumps, 
of course, this process is not nearly so troublesome as 
it used to be. At one time 1|- hours had to elapse before 
a second photograph could be taken; now the time is 
6 to 10 minutes, and with films one can take 6 exposures 
in a minute if necessary. I notice that the authors use 
only one vacuum pump, placed at the bottom of the 
container. A leak has to be arranged at the top to 
give the poor vacuum (of the order of 10~® or 10~^mm) 
for the discharge tube, whereas in the bottom part 
where the beam is deflected, the best vacuum available 
is desirable. Certain brands of cathode-ray oscillographs 

P^nip away the leak gas and 
the other to keep the vacuum in the bottom part as 

f authors, however, deliberately 

the leaking gas pass into the main chamber; it would 
be interesting to know whether this course has any 
disadvantages in practice. I do not think they say 
ny hing about the relative merits of the use of plates 

shLh^wti ^ l^ttie^perience which we have had 
the slowest plates are the best; they are not 
liable to fog, and they give blacker lines than ordinary 
c mmercial film. The authors mention the use of the 


saturated diode; Prof. Finch has made use of this very 
valuable arrangement for steadying the voltage applied 
to the top of the cathode-ray oscillograph, this being 
essential when recording c|uantitative values of the type 
he has measured recently. Nevertheless, the method 
has its disadvantages. It cuts down the voltage a good 
deal, and a resistance has been found preferable in some 
circumstances. When an a.c. rectified supply is used for 
generating the cathode beam the ripple in the supply 
has some effect on the quantitative value of the result, 
but for impulse work the accelerating voltage may be- 
regarded as constant during the exposure. With regard 
to the focusing coil, one of Lie latest fashions is to encase 
this completely in a sheet-iron box, except for a small 
sht; I should like to know whether the authors have 
done this. Their focusing coil appears to be well above 
the half-way position, but in other instruments the coil 
i.s placed as fai" down as possible. I should like to mention 
the necessity for shielding all the circuits, and indeed 
the whole instrument; some information as to the- 
necessity or desirability of this would be very useful. 
It is an important matter, because at high voltages a 
direct inductive action of the impulse generator oh the 
whole system is met with. Do the autliors use complete 
metallic shielding, is expanded metal adequate, and can 
non-magnetic metals be used for this purpose ? They 
mention loss of focus due to using a sweeping system 
which is not evenly balanced as regards voltage to earth; 
we find that the voltage to earth of the sweeping system 
can be appreciably different on both sides without loss- 
of focus. For their time-sweeping arrangement the 
authors have adopted, probably on account of their 
technical method, a scheme neccssaiily involving a 
spark-gap. Other methods have been developed which 
do not require spark-gaps, and they me distinctly 
promising. It would be of interest to loiow whether 
the authors have any experience of such methods. 

Mr. E,-T. Norris: Apart fi-oin its use in checking 
calculations, the high-speed cathode-ray oscillograph has. 
a very important application in making those calculations, 
possible in the first place, and that is in the determination 
of the values of the constants of the circuit. Although 
a mathematical study of the ordinary inductance coil 
at the end of a line will enable one to predict the effect 
of a coil of given inductance and resistance on a certain 
' 3^6 of travelling wave, there are no means of knowing 
whether any particular choke coil has that particular 
mductance or that particular resistance under surge 
conditions. One can measure quite ea.sily the 50-cycle 
inductance or the d.c. resistance, and one can measure 
fairly readily the resistance, inductance, and capacitance,, 
under sustained high-frequency conditions; but I think 
It IS impossible, or at any rate so difficult as to be im¬ 
practicable, to calculate the values of these constants, 
under surge conditions, because they all depend on the 
distribution of electrostatic or magnetic fields. As no 
naathemadics has been invented so far which is well 
adapted to the study of field distribution, calculation is 
practically impossible. The cathode-ray oscillograph, 
however, enables one to measure those constants and 
to formulate a general relation showing how they vaiw 
from the simple d.c. or «0-cycle valuc^^, which car, bl 
experimentally determined for circuits of different kimte. 
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Mr. P. P. Stritzl {communicated ): I should like to put 
forward some comments concerning the practice of excess- 
voltage protection, dealt with in the first paper. The 
author refers to one kind of protective apparatus, namely 
a choking coil placed in the run of a line. Fig. 41 
illustrates the flattening of the wave-front produced by 
this apparatus, and shows that the peak voltage is only 
slightly reduced. Dr. R. Willheim* has proved beyond 
doubt that the essential factor endangering dansformer 
windings is not tlie steepness of the wave-front, but 
the peak value of the voltage. Flence any device 
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merely aiming at the flattening of the front can neces¬ 
sarily only offer a very limited, if any, protective value. 
Effective protection from excess-voltage surges can only 
be achieved by a multi-spark-gap, in series with a suitable 
resistance, and connected between each phase and earth. 
Such devices have been known for many years, but 
experience with tliem has as a rule been most unsatis¬ 
factory owing to the fact that they permitted a number 
of half-cycles of operating current to follow the dischai-ge 
of a surge to eai-th, thus often creating, instead of 
preventing, trouble and interruptions of service. In 
Germany and in the U.S.A. a type of arrestor was 
developed a few years ago which has proved very 
satisfactory in practice and may be considered to be a 

1932, vol. 00, pp. 16 and 28. 


real solution of the surge problem. This airestor con¬ 
sists of a resistance (whose ohmic value decreases inversely 
with about the third root of the voltage) in series rvith 
a multi-spark-gap so designed that uniform distribution 
of potential is maintained under any condition, and so 
perfectly enclosed that no moisture can enter the gaps. 
Fig. A shows a transient with a peak value of 600 kV, 
and also the same wave as reduced by an A.E.G. surge 
arrestor. 

Mr. J. M. Thomson (Canada) {communicated): The 
first paper shows the value of the Heaviside operator 
in reducing the work necessary to obtain a solution of 
transient conditions in a network. This is especially 
true for travelling waves, as it enables the worker to 
develop general solutions for circuits having up to three 
degrees of freedom. A general form can be de\'eloped 
for circuits, of more than three degrees of freedom by 
using the Expansion Theorem given in equation (4a), 
page 508. In this case it is necessary to use the known 
circuit constants in order to obtain the solution. It is 
interesting to note the good agreement between the cal¬ 
culated and the measured values in Figs. 34, 35, 36, etc. 
These comparisons show that if the correct assumptions 
are made it is possible to obtain calculated results which 
are in close agreement with the measured results. I 
should like to point out that the formulm presented can 
be used to determine the voltages developed in a short 
line with associated apparatus at each end. In this case 
the reflected waves will affect the results. It is only 
necessary to determine the time t for the wave to travel 
to the end B of the line, be reflected, and travel back 
to end A. The reflected voltage 63 at B is calculated 
by the methods outlined in the paper: it is then treated 
as an input wave at A, and its component obtained. 
The total transmitted wave at A is due to the fig com¬ 
ponent of the original wave plus the component of 
the reflected wave, which is t microseconds out of phase 
with the original wave. With care, any reasonable 
number of reflections can be used in the calculations. 
It is only necessary to use the correct formulae as deve¬ 
loped in the paper and to shift the waves to allow for 
the time of travel from one end of the line to the other. 

[The authors’ reply to this discussion will be found 
on page 528.] 


Mersey and North Wales (Liverpool) Centre, at Liverpool, 8th January, 1934. 


Prof. E. W. Marchant: The first paper turns to prac- , 
tical use the work of Oliver Heaviside, who was the first ; 
to deal with the surge problem. It was he who originally | 
defined the quantity we now call " surge impedance,” a ; 
quantity which is beginning to be treated in .a very j, 
practical and simple way. It is not unlikely that in a j 
few years’ time we shall be treating problems of surge | 
impedance as we now treat problems involving Ohm’s , 
law. It is only in comparatively recent times that surge I 
impedance has been fully worked out, and now that this | 
has been done it is realized that the problem is not so i 
difficult as it had been thought to be. This is clear j 
from the simple nature of the equations given on page 479. ; 
One of the most valuable parts of the first paper is that | 
in which the values of the effective capacitances and * 


inductances of various kinds of machinery are deter¬ 
mined. Take, for example, the transformer; it is quite 
a new idea to regard a transformer as an efiective 
capacitance or a miniature transmission line. The 
figures for the efiective capacitances of transformers of 
various sizes, given on page 483, will be of very con¬ 
siderable value. It is evident from these figures that 
the efiective capacitance of small transformers is 
relatively greater than that of large transformers, and 
therefore that the efiective capacitance of a group of 
small transformers will be greater than that of a single 
large transformer. A more advantageous result, as far 
as surge smoothing is concerned, is therefore obtained 
'with a number of small transformers instead of a single 
large one. With regard to Fig. 22, it is evident from this 
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that when a limiting reactor is placed in front of a trans¬ 
former a much greater surge voltage is produced than 
when the limiting reactor is absent. It is therefore 
desirable to make certain that the inductance of the 
limiting reactor is of such a value as to avoid trouble. 
Can the author give any information as to the approxi¬ 
mate values of the limiting reactance which should be 
avoided, with transformers of various sizes ? I should 
like to refer to one other point, namely the surge voltage 
that can be produced at the neutral end of a 3-phase 
transformer. The author mentions that the surge 
voltage at the neutral point is 2 to 3 times that entering 
from the line. Some years ago Mr. Paton, of the North 
Wales Power Co., told me that he had found it necessary 
to have the end turns on the earth side of his transformers 
reinforced, and this reinforcement of the insulation is now 
included in the appropriate British Standard Speci¬ 
fication. 

With regard to the second paper, there are two 
points to which I should like to refer. The authors 
employ a capacitance potentiometer, and this is obviously 
the only form of potentiometer that can be used without 
introducing too much distortion. Our experiments with 
capacitance potentiometers have shown that if they are 
calibrated with 60-cycle current they must have a very 
high insulation resistance, of the order of hundreds of 
megohms. I am interested in the authors' methods for 
taking photographs outside the oscillograph, thus avoid¬ 
ing the necessity of putting the plates iriside the vacuum 
chamber. 

Mr. R. V. Whelpton: During the discussion on a 
paper entitled “The Technique of the Pligh-Speed 
Cathode-Ray Oscillograph,”* read by the late Mr. F. P. 
Burch and myself, Dr. Miller emphasized the difficulties 
of overcoming the’ various types of distortion likely to 
occur in a high-speed oscillogram. In the two papers 
now presented we have ample proof that he has over¬ 
come these troubles. I shall confine my remarks to the 
design of the cathode-ray oscillograph, dealt with in the 
second paper. The portability and compactness of the 
apparatus are to be commended. The actual oscillo¬ 
graph has been shortened by means of three expedients. 
First, the focusing coil has not been placed midway 
between anode and film surface, a condition demanded 
by the Busch formulae for the sharpest focus when using 
a beam of large angular aperture. Such a beam is 
necessary for the very highest writing speed, and it is 
interesting that the authors can use a focusing coil very 
much nearer to the anode than to the film surface. 
They probably had in mind a reduction of the overall 
length of the oscillograph when they decided to use a 
single-stage beam trap. I have never made a thorough 
trial of such a beam trap, but have usually employed 
a 2-stage trap with deflection plates cross-connected, 
partly because of the completeness of trapping of stray 
electrons but mainly because a small residual voltage 
on the plates gives no resultant deflection and thus 
minimizes beam-trap oscillations, which are a very com¬ 
mon complaint in high-speed oscillography. It would 
be interesting to see a high-speed oscillogram, with full- 
scale deflection of, say, 10~® sec., taken by the authors 
and showing the start of the record immediately after 

*1932, vol. 71, p. S80. 


the beam is de-trapped. The size of the insulators shown 
in Fig. 2 gives the impression that voltages of the order 
of several kilovolts are applied to the transient deflection- 
plates. This can effect a reduction in the length of the 
instrument at the expense of reduced sensitivity, but we 
have found it convenient to apply about 600 volts to the 
voltage plates, giving a 1-in. deflection on the film. 
This low voltage is very suitable for local experiments, 
such as those connected with travelling waves on cables. 
Should the authors apply asymmetrical voltages of 
several kilovolts to the transient plates, it might be 
better to put the transient plates above the time plates. 
The latter are symmetrically electrified during the time- 
sweep, and a large movement of the electron beam 
perpendicular to their lines of force will not cause the 
same distortion as will a large sweep parallel to the 
asymmetrically-electrified transient plates. The authors 
have taken considerable pains to develop a method of 
external photography and have photographed transients 
of fair writing speed, but I doubt whether the method 
of pressing a photographic plate against a thin trans¬ 
parent window coated with fluorescent material is the 
best. Dodds* has used a wide-aperture lens and a 
camera to photograph the fluorescent screen, and has 
taken excellent records of 1-metre oscillations, the 
writing speed being 42 000 km per sec. on the screen. He 
used a metal discharge tube and a cathode voltage of 
about 90 kV, passing several milliamps. I doubt 
whether the authors’ method of external photography 
would give such good results, even at this power. Their 
device appears to require a skill in assembly which is not 
warranted by the results illustrated in Fig. 4. External 
photography of any type is perhaps an unnecessary 
refinement. The authors themselves use a large-bore tap 
between the pumping plant and the oscillograph, and 
high pumping speeds, so that to change the film inside 
the vacuum is only a few minutes’ work. My colleagues 
and I have taken some 3 600 oscillograms, by the electron 
blackening method, without experiencing sufficient in¬ 
convenience to cause us to think seriously about external 
photography. The authors are to be commended on 
their researches on discharge tubes. The idea of giving 
the cathode a vertical adjustment is very useful. Has 
it been found necessary to alter the cathode-anode dis¬ 
tance as the discharge current is varied? We have 
shared their experience thcit there is a certain minimum 
distance between cathode and anode necessary for a 
stable dischai’ge, and that it is important to get the 
correct ratio of this distance to the discharge-tube 
diameter. Thermal instability is of small consequence 
in a metal discharge tube. 

Mr. J. O. Kno’wles; I should like to emphasize the 
desirability of associating mathematical theory with 
engineering in con-tinuous stages, namely froin pure 
mathematics to applied mathematics, from engineering 
theory to formulae, and from formulae to commercial 
application. I hope that as a result of the reading and 
publication of the first paper the mathematical treatment 
of transient wave-forms as the difference between two or 
three exponential functions will add practical intei'est to 
the studies of those who have still the opportunity to 
learn their mathematics as the mathematics of electrical 
* J.M,'DoTij>s-.ArcMvfmEUklrolechmk,im^,vo\.21,V‘^o‘il. 
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theory. I also hope that the paper will help others to 
investigate more successfully some of the perplexing 
problems associated with arc extinction in switchgear, 
where changes of potential occurring in a few micro¬ 
seconds are obviously to be studied much more closely 
in the future. I suggest that the order in which the 
paper is presented might be altered for the benefit of 
those who can rarely obtain more than an hour’s unin¬ 
terrupted concentration in the course of their working 
day. Would it not be desirable to segregate entirely 
the paragraphs dealing with circuits at the end of a line 
from those dealing with the junctions of two or more 
lines, and would it not be clearer to plot on one graph 
first the transmitted voltage-waves corresponding to an 
infinite rectangular wave for various combinations of 
capacitance, inductance, and resistance; then to compare 
the transmitted waves corresponding to initial wave- 
foi'm No. 2, and so on. The Table of Contents might 
indicate the salient types of alterations to initial wave¬ 
forms which are caused in the circuits described. In 
conclusion, I should like to ask whether the author has 
studied the breakdown of insulation in microseconds by 
means of the cathode-ray oscillograph—a subject which 
might be productive of much useful information. If he 
knows of published research work already carried out 
on these lines, I should be glad of any information in 
, regard to it. 

Mr. A. K. Nuttall; With regard to the first paper, 
the most striking point is the very close agreement 
between the effects of the test wave on the various 
circuits, firstly as computed by operational analysis, 
and secondly as shown experimentally by means of the 
author’s cathode-ray oscillograph. The power of the 
operational method has been established for some time, 
and this paper should do much towards reconciling many 
engineers, hitherto mistrustful of it, to the validity of 
results obtained by this means of attack. One point in 
connection with the oscillograms shown in the paper 
appears to require a little explanation. Figs. 32(a), 36(a), 
37(a), and 37(c), show discontinuities of slope of the voltage 
wave in all cases at instants roughly corresponding to 
1 and 2 microseconds respectively after the zero point of 
the oscillogram. The nature of these discontinuities 
suggests that they are due to reflections of some kind, 
and their persistence indicates that they all arise from 
some feature inherent in the oscillograph circuit. It 
would be interesting to know the cause of these dis¬ 
continuities. 

Turning to the second paper, it appears that the cathode 
shield is free to assume its own potential. It is possible 
that the potential thus assumed represents the optimum 
value for operation of the discharge tube. It would be 
interesting to know whether the authors have measured 
this potential, or have determined the effect of controlling 
it. I notice that the. photographic system employs 
plates; has any use been made of roll film, and, if so, 
what are its disadvantages as compared with plates ? 

Dr. J. C. Prescott: The first paper emphasizes the 
simplification which can be effected in the treatment of 
transmission-line problems by the use of the operational 
calculus. This, by introducing limiting conditions at an 
early stage in the solution, makes it possible to solve 
comparatively briefly the problems which when treated 


by formal mathematics would lead to very cumbersome 
equations. I think, however, that the paper would have 
been clearer if the equations had been stated in the 
formal manner in the Appendix, and the operational 
equivalents had been derived from them. On page 479 
it is stated that " can represent the equivalent im¬ 
pedance of any number of outgoing lines, so long as there 
is no series impedance in them.” Am I correct in my 
assumption that this ” series impedance ” implies con¬ 
centrated impedance ? With regard to the discussion 
of the voltage stress between turns (page 480, col. 2), 
it would seem that an infinite rectangular wave could 
set up this stress between two points of the same turn. 

Mr. F. W. Taylor: The study of transient phenomena, 
whether from the purely mathematical standpoint or 
from the research or experimental side, is of extreme 
importance to engineers to-day, and particularly to the 
designers of heavy engineering equipment. At one time, 
as the authors mention, the cause of a large number of 
breakdowns on system apparatus was either unknown 
or put down frequently to faulty equipment. Although 
the study of transient phenomena has only claimed the 
attention of engineers for a short time, quite a large 
percentage of these breakdowns is definitely attribut¬ 
able to hghtning and associated efiects. Whilst a 
specialist branch of engineers is necessary to study the 
problem fully, the designer is fortunate in that another 
factor controlling the behaviour of insulation in service 
has been discovered and is being analysed. Deahng 
with the first paper, it is interesting to learn that more 
and more complicated circuits are being interpreted 
mathematically, enabling us to foretell the results of the 
imposition of transient phenomena on apparatus in¬ 
volving these circuits. Figs. 32 to 41, and the slides 
shown by the authors, speak well for their success in 
this direction. I am particularly struck by the oscillo¬ 
grams shown in these figures. The absence of fog and 
the clearness of the fine throughout its length distinguish 
them from some of the oscillograms I have seen in various 
other engineering publications. 

Turning to the second paper, the authors’ oscillograph 
seems to be a fairly simple and straightforward piece of 
apparatus. Even if one is successful in constructing an 
instrument which will trace a line on a photographic 
plate, however, a considerable amount of research work 
and experience is necessary before engineers will have 
as much faith in the results which it gives as in the 
results given by the Duddell type of oscillograph. It 
is stated in the Introduction that the sealed-ofi t3q3e of 
tube is not suitable for the measurement of transient 
phenomena because the trace is insufficient. Consider¬ 
ing the great advantage of portability possessed by this 
type of tube, I think that if this were the only difficulty 
it would not be long before an intensif 3 dng screen (such 
as is used in X-ray radiography) was developed to make 
possible a photographic record on a highly sensitive 
plate. It is also mentioned in the Introduction that to 
produce the necessary electrons a high voltage is required 
between the cathode and the anode. I gather that this 
means a d.c. , voltage, presumably obtained by rectifying 
high-voltage alternating current. It is admittedly a 
very simple matter to smooth out the ripple when the 
load is only 1 milliamp., the figure given on page 614, 
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but it would be interesting to know just how important 
smoothing is, and what would be the effect of the lack 
of it on the record. On page 613 the authors mention 
the necessity of maintaining a higher vacuum in the 
main body than in the discharge tube: perhaps they 
could give the reason for this. In Fig. 6 it appears that 
the length of the air path outside the glass tube is short 
compared with that in the vacuum. I should like to 
know whether the authors have experienced any trouble, 
when trying out the various electrodes from the optimum 
wnting-spot point of view, due to corona discharges 
outside the glass tube. Have they ever detected the pro¬ 
duction of X-rays, and, if so, what means have' they 
used to protect the operators from harmful effects ? On 
page 615 the authors discuss the deflecting plates and 


the considerations affecting their width. It is clear from 
the paper that the longer the plate the greater will be 
the sensitivity of the instrument, because the beam will 
have the deflecting force applied to it for a longer time. 
This element of time, which must be short compared 
with that of the transient, will no doubt provide one 
limit to the writing speed of the oscillograph. 

My final point concerns the fact that the field at the 
edges of the plates is different from that in the middle. 
Whilst the plates are pui'posely made wide enough to 
embrace the beam tliroughout its deflection, what is the 
effect of the distorted field at the top and bottom edges ? 

[The authors’ reply to this discussion will be found on 
page 628.] 


North-Eastern Centre, at Newcastle, 26th February, 1934. 


Prof. W. M. Thornton: The first paper is the most 
complete that I know on the subject, having regard to 
the American and Continental literature. Figs. 32 to 
41 are the finest results I have seen in connection with 
mi'crotime oscillography. I cannot imagine better 
agreement between theory and practice than that shown 
by these curves. With regard to the Appendix, I take 
it that if one is willing to accept equation (1a) their all 
the rest follows. A student of mine, Mr. Crawford, 
has recently verified all the equations in the Appendix. 

With regard to the second paper, I said many years 
ago that every works would one day have to have an 
oscillograph, and it seems now that all will have to 
have ^ a cathode-ray oscillograph of the powerful type 
described by the authors. Nowadays engineers demand 
impulse tests, and there is no more certain way to gauge 
the efficiency of such tests than by an oscillograph. 
I think manufacturers will have to regard the rather 
high cost of such an instrument as a necessary outlay. 
We are installing a Finch cathode-ray oscillograph, of 
the same general type as that of the'authors, and the 
information given in the paper will be most useful to us. 

Mr. J. A. Harle: The external photography shown 
by the authors is somewhat on the lines of a scheme 
developed by Dr. ICnoll in Germany, but in his case, 
while adopting a similar arrangement of metal support¬ 
ing-bars, he used a cellon window over the grid. This 
will, I think, be easier to work with than the glass used 
by the authors. It is known, I believe, as a Lenard 
window, although the original Lenard window consisted 
of a thin sheet of foil. The scheme of coating the inside 
of the glass with a fluorescent material, while satisfactory 
for recording surges of the nature shown in the paper, 
may present difficulties if recurrent variable surges are 
to be recorded; I should appreciate information as to 
the time-lag before the fluorescence disappears. I should 
also like to know the nature of the cement joint in the 
discharge tube shown_ in Fig. 6. The use of the tap 
in the vacuum circuit appears to be a very sound 
scheme if the tap itself proves mechanically satisfactory 
in service.^ Has this method been free from trouble? 
The stabilizing resistance in the anode circuit is cer¬ 
tainly much simpler than the saturated diode, but ran 
the authors give some idea as to the relative smoothing 
obtained by the two-schemes under the same conditions 


of stabilizing condenser? In view of the jiossibility of 
the combined characteristic of the saturated diode and 
the tube giving rise to instability, the resistance scheme 
would appear to possess advantages in the event of more 
than one oscillograph having to be operated from a 
common d.c. source. It is interesting to note that the 
authors tend to favour capacitance potential-dividers; 
but, when it can be used in conjunction with a length 
of cable and balancing resistances, etc., the resistance 
divider appears to be a useful device if it is desired to 
record the surge some distance away from the test point. 

Mr. P. J. Ryle: At the top of page 475 of the first 
pa,per it is stated that a 132-kV line in a certain district 
might be expected to experience 3 surges per annum 
of the order of 1 000 kV. Too frequently, estimates of 
the reliability of transmission-line Operation are given 
in which either the unit length of line or the unit of 
operation time is omitted, and this is a case where the 
length of line taken as the basis should be added; for 
instance, the statement should read “3 surges of the 
order of 1 000, kV per 100 miles per annum” (or what¬ 
ever the mileage should be). At the top of page 481 
the author refers to the series and earth capacitances 
of transformers. It would be of general interest if he 
could append a diagram illustrating qualitatively the 
physical nature of series capacitance in a transformer 
winding. Could he give approximate figures for the 
series and earth capacitances of, say, . a 60 000-kVA 
132-kV transformer? At the bottom of page 481 the 
author estimates that earth capacitances of the order 
of 3 000 micro-microfarads begin to be effective in 
flattening the surge wave. It may be pointed out that 
the capacitance to earth of 1 000 ft. of line conductor 
may be of this order, which tends to substa,ntiate the 
accepted idea that surges originating, say, a mile out 
fiom the substation, will be very appreciably flattened 
before they reach the substation. It has been some¬ 
times suggested that the addition of extra earth con¬ 
ductors on transmission lines near a substation would 
be of value. It is conceivable that the use of, say, tliree 
earth conductors instead of one for the first mile would 
quite appreciably increase the capacitance to earth of 
t^ line conductors and hence their surge-reduction 
efficiency. I should be glad of the author’s views on 
this subject. I can find no reference in either tlie paper 
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or the Bibliography to Mr. L. C. Grant, the inventor of 
the surge absorber. 


!Mr. W. D. Horsley! The Introduction to the first 
paper states that there appears to be a great deal of 
■conflicting evidence as to the relative magnitude and 
frequency of occurrence of direct and induced lightning 
strokes on high-tension overhead lines, but that engineers 
are practically agreed that the direct stroke is the more 
important. This is confirmed by a recent paper* de¬ 
scribing an important investigation which was carried 
Out in South Africa. The investigation was very com¬ 
plete and the conclusions were very definite. In the 
system on which the observations were made, lower- 
voltage lines (40 kV) run parallel with the 132-kV lines, 
and the difference in behaviour between these lines 
showed that induction is the cause of very few faults. 
This paper would be well worth adding to the Biblio¬ 
graphy. Investigations both in this country and in 
America have shown that a surge applied to the primary 
winding of a transformer is transmitted to the secondary 
winding. It has been found in a number of experiments 
that the maximum voltage on the secondary winding is 
much greater than that calculated from the transformer 
ratio. A surge with a steep wave-front will probably 
be initially transmitted electrostatically from one wind¬ 
ing to the other. If the primary and secondary windings 
•are concentric, with the high-tension windings surround¬ 
ing the low-tension secondary winding, then the value 
■of the surge voltage on the latter will depend upon the 
relative capacitance between the primary and secondary 
windings, and between the secondary windings and.the 
■core. The capacitances in turn will depend upon the 
thickness of insulation between the primary and secon- 
■dary windings, and between the secondary winding and 
the core. The thickness of insulation will naturally bear 
some relation to the voltage ratio of the transformer; it 
is probable, however, that in many designs the insulation 
between the secondajy winding and the core will be 
thicker than is actually required to withstand the voltage. 
The ratio of the capacitances will thus be less than the 
voltage ratio, apd the surge voltage on the secondary will 
be proportionately higher than that on the primary wind¬ 
ing. In illustration of the paper the author showed an 
■oscillograph record of the surge voltage on the secondary 
winding-of a transformer when a surge of the standard 
wave-formL shown in Fig. 32 is applied to the primary 
winding. The "maximum voltage on the secondary 
, reached approximately 6 kV, and it would be of interest 
to know the transformer ratio, seeing that the author 
later, mentioned that this voltage was nearly 2|- times 
that: which would be calculated from the transformer 
turns ratio. It seems clear ■ from these results that 
apparatus on the low-tension side of transformers con¬ 
nected to high-voltage transmission lines is subjected 
to surges which are relatively greater than, the surges 
■on the lines. Breakdowns in rotating machines due to 
these causes are rare, and experience therefore shows 
that rotating machines are quite as resistant to surges 
as transformers, if not more: so. This conclusion is not 
in agreement with the statement made by the author 


* E. F. RffiNDELt and H. D. GAFPt " An Analysis of the Ligitning Faulting 
Characteristics of the^ 133-ltV Lines of the Victoria Falls and Ir&vsvwlVavjjt 
Co.,Ltd,,” Tramaptions of the South African InsMute of Eleotnccu bngtneers, 
1933,vol.24, p. 268, 


in the last paragraph of Section (5), and it would be of 
interest to have his views upon it. 

Mr. G. D. Clothier: With regard to the first paper, 
the author showed some extremely interesting slides 
illustrating the effect of series reactors and surge absor¬ 
bers upon the wave-front of a surge generated under 
laboratory conditions. He pointed out how an absorber 
slopes off the wave-front, and so reduces the puncture 
stress upon the end turns of the transformer windings. 
As a result of, and perhaps as a part of, extensive inves¬ 
tigation in other countries on actual working installations, 
the principle of discharging the surge energy to earth 
has become widely used at transforming stations to pro¬ 
tect against surges set up by lightning. This type of 
protection obviously will not reduce the steepness of the 
initial part of the wave, but it is intended to cut off 
the wave and discharge it to earth before it can cause 
damage to other insulation nearby. The speed with 
which such a discharge can reduce the voltage of the 
surge was demonstrated by one of the author’s slides 
showing the complete collapse, with subsequent smaller 
oscillations, of the surge when discharging to earth over 
an insulator. There will be a certain time-delay which 
will allow the surge voltage to exceed the 60-cycle flash- 
over value of the discharger by a fairly considerable 
degree, but is it not right to say that it will take con¬ 
siderably longer for the end turns of the windings, or 
the phase-to-earth insulation of the sj^stem, to fail? 
This can be expected, partly because the 50-cycle flash- 
over value of these is much greater than that of the 
discharger, and partly because the inherent time charac¬ 
teristics of the discharger are, by design, less than those 
of even an ordinary gap across an insulator, and con¬ 
siderably less than is required for puncture of solid 
insulation. For this reason, some information (and if 
possible an illustration) showing the effect of the dis¬ 
charger upon the form and magnitude of the surge would 
add much to the value of this part of the paper. In the 
discussion upon the recent paper by Mr. C. W. Marshall, 
Mr. R. W. L. Harris* referred to a device that is used 
in France which combines the function of. a surge absor¬ 
ber with that of a discharger to earth. Perhaps some 
such combination will have the merits of both types. 

Mr. H. V. Field: The author ,stated, in the course 
of his remarks relative to Fig. 1, that steep-fronted wmves 
of ,t 5 rpes (i) and (ii) tend to become hke type (iii) waves 
as they progress along the line, the steepness of the 
wave-front being reduced o\\dng to the effect of corona 
on the high-voltage portions of the wave, which produces 
a reduced transmission speed as compared wdth the 
low-voltage portions. I presume that this effect is mainly 
due to the increase of capacitance caused by the corona 
effect, wdthout any corresponding change in the induc¬ 
tance; otherwise there could be no change in velocity 
or wave-form. In connection with the focusing of the 
electron beam, is any appreciable assistance obtained 
from ionization along the beam path as in low-voltage 
tubes, or is focusing almost wholly dependent on the 
focusing-coil current ? 

[The authors’ reply to this discussion will be found 
on page 528.] 

■ • See page 137. 
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Dundee Sub-Centre, at Dundee, 8th March, 1934. 


Mr. W. Woodlwiss: The authors of the second paper 
are to be congratulated on their ingenuity in perfecting 
the cathode-ray oscillograph so as to give graphs of 
phenomena occurring in O’000006 sec. The agreement 
between the actual records and the calculated graphs 
shows ^ how very thorough they have been in then- 
investigations, I should be interested to know whether 
the authors have used their oscillograph to check the 
performance of radio receivers. The reproduction of 
radio leceivers has not yet reached perfection; there is 
something lacking in the quality. It is well known that 
a musical note is composed of a fundamental and har¬ 
monics, and that it is the harmonics which give a note 
its character. Thus the ear is able to discriminate 
between the middle C notes produced by the piano, 
violin, and organ, simply because, although for each 
instrument the fundamental is the same, the harmonics 
are different in degree and intensity. I should like to 
know whether the authors have used their oscillograph 
to take the wave-form of, say, the piano top C, directly 
from the piano, and the wave-form of this same note 
when reproduced through a radio receiver after being 
broadcast; if so, how did they arrange for the sound 
waves to operate the oscillograph so that the conversion 
apparatus did not suppress or introduce harmonics ? 
Did they find a great difference between the “ real ” 
wave-form and the " reproduced ” wave-form ? The 
authors give some distribution engineers cause for 
anxiety by showing what enormous stresses may be 
imposed on the insulation of a transformer winding when 
the transformer is joined to a long overhead transmission 
line and a lightning storm prevails. I suppose that the 
authors have designed filters for reducing these stresses. 
Could they give some indication as to the specification 
that a distribution engineer should prepare prior to 
purchasing a filter for limiting the stress on his trans¬ 
former to the safe limits ? What installation test would 
the authors recommend for such a filter ? 

Mr. D. H. Bishop: It is extremely interesting, 
although rather disconcerting to a distribution engineer, 
to see oscillograms showing to what heights voltage 
surges on an ordinary system may rise and also how often 
they may occur, even though their presence may jje' 
entirely unsuspected owing to the absence of external 
indications of damage. It is rather much, however, to 


expect that they can be often repeated without eventu¬ 
ally causing trouble. What length of underground cable 
is it necessary to interpose between an overhead line 
and a transformer in order to reduce voltage surges to 
a harmless amount? It would be interesting to know 
whether surges are transmitted from the high-tension 
winding of a transformer to the low-tension winding by 
electrostatic or electromagnetic means. In other words, 
does the turns ratio of the transformer have any in¬ 
fluence? Is it practically correct to assume that all 
dangerous surges are due to lightning, and that no otliers 
need be feared on 6 600-volt underground systems ? 

Mr. W. M. Mackay: Apparatus for connection to 
transmission lines has been designed chiefly with refer¬ 
ence to operation at low frequency. Its characteristics 
as regards high frequency were initially largely a matter 
of accident. As the existence of special risk due to 
oscillatory conditions and surges has become more fully 
recognized, modifications suggested by theory and 
supported by empirical results have been introduced 
with success. While measurement of the quantities 
concerned remained crude and uncertain, however, there 
was no finality about the results. The papers well mark 
the great advance which has been made possible in the 
understanding of transient conditions owing to the 
development of a recording device of the necessary range 
in -voltage and speed. I should like to ask whether the 
oscillatory voltage produced in the transformer secondary- 
shown on the lantern slide during the reading of the 
first paper is considered to have been transferred from 
primary to secondary by electrostatic or by electro¬ 
magnetic means. Also, in view of the fact that in¬ 
creasing the end-turn insulation decreases the inter-turn 
capacitance of transformers and so aggravates the vol¬ 
tage risk under surge conditions, does the author regard 
the provisions of B.S.S. No. 422—1931 (Transformer 
Inter-Turn Insulation) as satisfactory from this point 
of view ? 

^ Mr. G. F. Moore: With regard to the time-sweeping 
cffcuit, is it necessary, in view of the small intei'vals of 
time which are being dealt with, to measure the capaci¬ 
tance of the condenser and its associated wiring in situ, 
in order to determine the intervals of time which forni, 
the abscissae of the oscillograms ? Further, how can these 
small intervals be checked ? 


The Authors’ Reply to the Discussions at London, Liverpool, Newcastle, and Dundee. 


Dr. J. L. Miller and Mr. J. E. L. Robinson [in reply ); 
We are very gratified with the reception accorded the 
two papers and we are particularly pleased to note how 
many and diverse are the fields of electrical science 
represented by those who have participated in the dis- 
cussion. This evidence, of widespread interest in a 
difficult but important subject is in itself sufficient j usti¬ 
fication for the production of the papers and we hope, 
as Mr. de Ferranti has stated, that by bringing about 
^ greater degree of cO-operation between academicians, 
manufacturers, and users, this general interest will ex¬ 
pedite progress towards the achievement of a cheap 


and absolutely reliable electricity supply throughout the 
country. 

Although the risk of lightning damage is discounted 
by many, and while we in this country have few 
dangerous storms compared with certain other countries, 
nevertheless even here lightning is, as Mr. Watson Watt 
has also pointed out, sufficiently potent a factor to 
deserve consideration in the design of transmission 
equipment, even if only in such instances as tower footing 
resistance and single-circuit versus double-circuit lines. 

The intended purpose of the first paper, apart from 
demonstrating the formation of tractable equations. 
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was to make available—with a backing of experimental 

evidence sufficient to demonstrate their premises_some 

of our own experience and conclusions on high-volta-^e- 
transient phenomena, and generally to contrast and 
compare them with those of other workers. Opinions on 
many aspects of the problems discussed are diverse and 
on occasion, we have found ourselves in disagreement 
with some of our contemporaries, but in general the 
discussion has not presented any serious challenge to our 
views. Two other interesting aspects of the discussion 
are the emphasis laid by many speakers, including Prof. 
Marchant, Mr. Taylor, Dr. Prescott, Mr. Nuttall, Prof. 
Thornton, and Mr. Thomson, on the agreement'which 
can be obtained in work of this nature between observed 
and mathematically-formulated results, and the general 
appreciation of the simplification resulting from the 
employment of Heavisidian mathematics. Such agree¬ 
ment should, as one of the speakers suggested, go a long 
way towards reconciling those engineers who are a little 
mistrustful both of the high-speed oscillograph and of 
operational mathematics. It is this harmony between 
theory and practice which is the measure of the con¬ 
fidence that can be placed in prediction of performance, 
and, with Mr. Watson Watt, we realize that prediction 
is an essential weapon in the engineer’s mathematical 
armoury. 

Mr. Goodlet appears to have less use for mathematics, 
and therefore, so far as his opinion restricts its use to the 
more menial task of interpolation of knowledge, we 
cannot agree with his attitude. Pie comments on the 
orderly presentation and clarity of the first paper, but 
his subsequent remarks on the absence of new mathe¬ 
matical methods and the general trend of his criticism 
lead us to infer that he has overlooked the expressed 
purpose of this paper. He also makes reference to L. V. 
Bewley’s book; while his further remarks, as we can 
only construe them, are dismissed by our comments near 
the beginning of this reply, we would also remind him 
that the book became available only after the submission 
of the paper. Actually, this book comprises the sub¬ 
stance of Bewley's own admirable papers and those of 
his associates, and we have made full acknowledgment 
of their work. Mr. Goodlet will know, of course, that 
much of Bewley’s work on transmission lines, as he 
himself implies in his introduction to the book, has also 
been covered by Continental workers, Bewley, however, 
by applying Heaviside's methods to single finite wave 
problems, has made both great advances in technique 
and contributions to mathematical discovery. Mr. 
Goodlet’s statement that ” the author has allowed his 
mathematics to run away with him ” merely reflects his 
reactionary attitude towards the employment of mathe¬ 
matics, which has been commented on by another 
speaker and to which we have already referred. In any 
case, this remark might be regarded as a partial contra¬ 
diction of his earlier statement regarding our lack of 
originality. In his reference to the second paper we feel 
that Mr. Goodlet has quite inadvertently created a 
wrong impression. It is desirable to point out that the 
construction of the oscillograph described in the paper was 
contemporary with, and not subsequent to, that described 
by the late Mr. F. P, Burch and Mr. R, V. YVhelpton.* 

* See Bibliogi-aphy, (4) and (7), of the second paper. 


On the question of “ controlled versus uncontrolled *' 
transients, also referred to by Prof. Howe, the object 
of treating our transients as “ controlled ” is, as is 
explained in Section 7(£7) of the second paper, to avoid 
the greater loading of a cable delay. We find that the 
disadvantage cited by Mr. Goodlet does not arise in 
practice, and an examination of Fig. 5 will indicate the 
certainty of tripping. 

We agree that there is a great deal to be said for 
resistance potentiometers, but like the capacitance 
potentiometers they need considerable space or careful 
screening if distortion is to be avoided. Actually, we 
have not used resistance potentiometers above 200 kV, 
but have employed capacitance potentiometers up to 
very high voltages both for straightforward impulse 
measurements and for experiments on energized trans¬ 
formers, where ordinary resistance potentiometers cannot 
be employed. We are, however, interested in Mr, 
Goodlet’s remark that capacitance errors are not serious 
in the resistance potentiometer, and we are gratified by 
his congratulations on the agreement shown in Fig. 10. 
Two identical potentiometers with the usual damping 
resistances were used, the oscillograph plates being 
connected across the intermediate electrodes. The 
balancing has, of course, to be checked under a variety 
of conditions. 

We agree with the remarks of Mr. Watson Watt and 
Prof. MacGregor-Morris as to the shortcomings of the 
sealed-off oscillograph. Regarding the former’s remark 
on the distortion of Cartesian co-ordinates, in practice 
the amount of bending due to the focusing coil is slight. 

In regard to the characteristic wave-shape of lightning, 
we agree with Mr. Watson Watt that the most damage 
is caused , when a direct stroke occurs on transmission 
apparatus, and so far no one has been able to say what 
the voltage is or how rapid is its rise under these con¬ 
ditions; in fact, the whole phenomenon is still nebulous 
and probably the only reliable data available are the 
approximate current values. It was for this reason that 
it was only possible in the paper to consider disturbances 
which had actually entered the system, and while they 
most certainly cover a large number of important cases 
it is very patent that complete investigations of the 
conditions existing in the lightning stroke itself are 
necessary. There is no doubt that the failure of many 
discharge-type lightning arrestors is due to the incidence 
of a direct stroke. 

We agree with Prof. MacGregor-Morris that oscillo¬ 
grams should be standardized as regards direction. The 
focusing coil was built up in sections for various reasons, 
and the size of the section now used is 2 in. long by 
6 in. outside diameter. Fig. B shows an experimental 
relationship between cathode volts and ampere-turns in 
the coil to give correct focusing. While we have certain 
views on the effect of beam intensity on photographic 
action obtained from observations when experimenting 
on discharge tubes, we have never carried out a full 
investigation and therefore cannot give experimental 
verification of Dr. Wood’s theories. Regarding vacuum 
measurements in the oscillograph, we find that the 
pressure in the discharge tube is of the order of 
10-2 rnm , We have, however, never made absolute 
measurements of pressure in the lower part of the 
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oscillograph. The pressure here must not exceed that 
at which the greatest deflection field produces ionization. 
There is no unique critical pressure at which this con¬ 
dition obtains; it is controlled by the disposition of the 
electrode system. On this score, therefore, it is only 
important that the pressure should be below this critical 
value. In our case it is much lower than this, and 
approaches the limiting pressure of the vacuum system. 
Prof. MacGregor Morris refers to Malsch's recent paper, 
which we had not seen until the second paper was in final 
form. In reply we would say that in calculating the 
figure of 260 microamperes per mm^ Prof. MacGregor- 
Morris assumes that the beam is homogeneous over 
the whole cross-section of the anode aperture. This is 
not so, the current density being greater in the centre, 
Malsch himself has shown that there is considerable 
falling-off in electron current towards the edges, and we 
were aware of this fact. Further, Malsch employed 
pre-anode magnetic focusing to obtain his high current 
densities. It must also be remembered that he made his 



measurements close to the anode of a skeleton oscillo¬ 
graph, and it does not follow that measurements at this 
point are any criterion of a satisfactory writing spot. 
In our case, with a smaller anode aperture than that 
stated on page 514, the post-anode current density is 
great enough to cause a bright red glow over a pin-point 
area on the metal cover of the plate holder, and of 
course such a beam immediately breaks the glass window 
used for external photography if the beam remains 
stationary on it for a moment. We would assure Prof. 
MacGregor-Morris, therefore, that the values of current 
and current density we employ do all that is required, 
and normally for oscillography a few microamperes only 
in the writing beam is necessary. If high efficiency is 
employed (in the past we have employed and discarded 
efficiencies of the order of 35 per cent) it necessarily 
requires the discharge tube to deliver a few microamperes 
rather than 0*1 to 0*5 niA, and on occasion this may 
present difficulties. If he has the saving of power in 
mind, this is negligible when all the auxiliaries are taken 
into account. If he has heating difficulties in mind, we 
would say that our discharge tube will run continuously 
at 0 -fl mA without water cooling of the anode. 

With reference to discharge tubes, perhaps we have 

been rather cursory in dismissing our theories and experi¬ 


mental results on the dependence of spot size on cathode 
assembly, but the subject is too extensive to be discussed 
in a brief reply. In connection with the inquiry of 
Prof. MacGregor-Morris about the positions of the lines 
of electrostatic force and of the equipotential lines in 
the discharge tube, while these can be drawn out readily 
enough under static conditions, the system is completely 
different when current flows. We have never found it 
necessary to go into this aspect of the question deeply 
enough to obtain information which would be of value 
to him. His assumption that the potential of the shield 
varies is not con-ect, however; it is detewnined by the 
internal discharge, and for a given cathode potential and 
discharge current it assumes a value which is of the order 
of 20 per cent less than the cathode voltage. We have 
used tapped d.c. supplies to control the shield potential, 
and this had remarkable effects on the focused spot. 
After due consideration and experiment, however, we 
found it best to allow the shield to float. (This also 
answers Mr. Nuttall’s question on the same point.) 

In reply to Prof, Howe, Ave agree that the article by 
Rogowski might well have been added to the Biblio¬ 
graphy. 

We think that Col. Lee is a little pessimistic in regard 
to the interpretation of Mr. Watson Watt’s remarks, 
and we do not agree that the practical applications of 
the travelling-wave phenomena discussed are as limited 
as he states. Mr. Watson Watt implied that direct 
stroke conditions are still more onerous than the 
travelling-wave conditions dealt with in the paper, and 
must be worked out in the future. As Col. Lee points 
out, the equations given in the paper are not related to 
the lightning stroke itself, but since they are based on 
wave-shapes that have been shown by means of the 
high-speed oscillograph to exist immediately after the 
lightning stroke, they therefore cover a. very large per¬ 
centage of over-voltage conditions. The lightning-pro¬ 
tective properties of high metal structures referred to 
by Col. Lee have been noticed by various observer's. We 
agree with the need for low values of the tower footing 
resistances, and efforts are usually made by supply 
engineers to maintain these at a small value. 

Dr, Rayner raises several interesting points in con¬ 
nection with the oscillograph. As he states, phenomena 
written at a speed of 200 km per sec. and greater can 
be seen at the high accelerating potentials used. It is 
our experience, however, that where there is considerable 
visual contrast in writing speeds in a particular trace, 
such as results from the superposition of high-frequency 
oscillations on a slower transient, the eye tends to ignore 
the faster regions of the trace, although the maximum 
writing speed here may be considerably less than the 
figure mentioned by him. In connection with visual 
inspection before recording, we find that the operation 
of the oscillograph is so certain that it is often unnecessary 
to examine the trace before photographing; this is of 
impoidance in measurements on solid insulation, where 
it is often not permissible to impress more than one 
surge at any particular voltage owing to the definite 
damage that would result. As Dr. Rayner states, the 
pumping time to a usable state of vacuum is of the order 
of a few minutes when using plates. Ordinate bias 
control enables more than one picture to be made on a 
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plate, and as we use holders containing several plates_ 

transferable from outside the vacuum—a considerable 
number of records can be taken before reloading. In 
some work it is often desirable to develop a single plate 
before deciding on the next measurement, and this is a 
decided point in favour of the use of plates rather than 
roll films. ^ The other advantage of plates is that the 
pumping time to a satisfactoiy degree of vacuum is less 
than with film, even when the covering paper is removed. 
(This also answers Mr. Nuttall’s query.) We agree with 
Dr. Rayner that fairly slow plates for inside photography 
are quite satisfactory. Lantern plates and bromide 
paper are, in general, too slow, although we have 
satisfactorily recorded slower transients on these. We 
are of the opinion, on the other hand, that the use 
of fast plates is unnecessary. The system of ex¬ 
hausting the air leak through the main chamber has 
no disadvantage in practice. Regarding the allowable 
ripple in the d.c. cathode supply, while this voltage 
can be considered constant during the recording of one 
imi)ulse, it is necessary to employ as smooth a voltage 
as possible since any ripple causes corresponding 
change in deflection sensitivity from record to record. 
(This also answers Mr. Taylor’s query on this point.) 
Dr. Rayner refers to the position of the focusing coil; 
as Mr. Whelpton points out, the Busch formulae theo¬ 
retically demand that it be placed midway between the 
anode and the screen, but we have noted experimentally 
that within certain limits it is quite safe to depart from 
this requirement. Examination of Fig. 2 (Fig. 1 is not 
to scale) shows that the lower part of the coil (it is in 
three sections, and the lower one is normally used) is 
just a little above the midway position, since the screen 
is about 3 in. above the bottom cover-plate. In building 
a small and transportable oscillograph there are, of 
course, other factors to be taken into account in posi¬ 
tioning the coil. (This also answers Mr. Whelpton’s 
comments on this point.) Regarding Dr. Rayner’s 
remark on symmetrical time-sweep motions, we find 
that for large deflections the use of a symmetrical field 
allows a more compact deflection-chamber design. We 
have not found it necessary so far to employ other than 
spark-gap tripping circuits. We decidedly agree with 
Dr. Rayner on the need for careful screening of many 
parts of the circuits, and on occasion of the oscillograph 
itself when operating at high voltages. Different 
troubles and different laboratory lay-outs require 
different treatments, and therefore it is difficult in general 
to make constructive suggestions. We would say, 
however, that expanded metal of fine mesh can be 
satisfactory, and non-magnetic shields are suitable for 
most cases. Great care is required in laying out mag¬ 
netic shielding. 

Mr. Norris and Prof. Marchant bring out an important 
fact in regard to the first paper. In very many cases 
the values of the constants of the chcuits under transient 
conditions ai'e different from those under a.c. or d.c. 
conditions, and before calculations can^ be made it is 
frequently necessary to explore these variations with tire 
oscillograph. We appreciate with Mr. Norris that, in 
general, no mathematics is yet available for the theo¬ 
retical elucidation of these variations. 

We are entirely at variance with Mr. Stritzls views 


concerning surge protection. A decision on the relative 
hazards of transformer breakdown to earth or between 
turns does not rest with technical demonstration, but 
rather is determined by operating experience and by 
the results of laboratory investigations. While Dr. 
Willheim may have shown to Mr. Stritzl’s satisfaction 
that the peak value of the surge is the true factor en¬ 
dangering transformer windings, our experience is quite 
to the contrar 3 r. In the laboratory, during the course 
of our investigations we have surged transformers (the 
surge being synchronized with the crest of the 60-cycle 
wave) with long-backed waves of 100 microseconds and 
more, and breakdown has only resulted between turns. 
It is thus the steepness of the wave-front which is the 
danger, and on this point there are many who will 
agree with us. Turning to Mr. Stritzl’s summary of the 
advantages of the discharge-type arrestor, while the 
modern forms of such apparatus may be satisfactorj'- 
and give good protection when handling the currents 
associated with travelling-wave over-voltages, we do not 
think that anyone would claim that they can stand up 
to local direct-stroke conditions where the current is 
now known to be of the order of hundreds of kiloamperes. 
As is stressed also by Mr. Watson Watt and Col. Lee, it 
is just these conditions, where as yet the rate of rise 
of voltage is unknown, which are the most dangerous 
to equipment. Complete protection can thus only be 
assured by apparatus which, while withstanding these 
conditions, will sufficiently reduce inter-turn stresses in 
windings by minimizing the rate of voltage-rise trans¬ 
mitted to ^em. This is the function of the apparatus 
referred to by Mr. Stritzl, and which he erroneously calls 
a " choke coil.” Other possible troubles due to the 
time-lag of dischargers are mentioned in our reply to 
Mr. Clothier. 

As Mr. Thomson points out, it is more convenient to 
solve operational equations having more than three 
degrees of freedom indPudually by means of the Expan¬ 
sion Theorem. While general solutions for operational 
equations of higher orders could be written down in 
terms of the roots of Z{p) = 0, the resulting equations 
would be too cumbersome. Cardan’s method for the 
solution of algebraic equations of the third degree is 
relatively speedy, but the approximate methods for 
higher orders are laborious and, except in rare cases, we 
endeavour to simplify the circuit to one of three degrees 
of freedom. We thank Mr. Thomson for drawing 
attention to the fact that repeated reflections on. short 
lines can be readily taken into account. The only 
difficulty is that of keeping account of the reflections, 
and Bewley overcomes this very neatly by plotting the 
various waves in the form of a lattice. If empirical data 
on attenuation are available, very accurate results can 
be obtained. 

We are very glad Prof. Marchant has drawn attention 
to the fact that the first paper and also most of the 
papers published on the same subject in the United 
States are fundamentally based on the pioneer work of 
the Englishman, Oliver Heaviside. As Prof. Marchant, 
Mr. Thomson, and Dr, Prescott point out, Heaviside’s 
methods lead to great simplification. Prof. Marchant 
mentions that several small transformers may give more 
flattening -than an equivalent large one. While this may 
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often be true, the amount of flattening in the former 
case is certainly not sufficiently great to warrant the use 
of smaller transformers. Regarding Prof. Marchant’s 
query as to the limiting values of inductance to prevent 
oscillation with transformers, so much depends on the 
variation of capacitance of the latter with different 
designs, sizes, and voltages, that it is difficult to give 
figures to meet general cases. Further, even if the 
voltage is oscillatory, it does not always follow that high 
potentials will be attained. If is of the order of 
1 000ja/xF, however, values of L greater than 100 /xH 
will in general give rise to some oscillation. Prof. 
Marchant also refers to a remark regarding neutral 
voltages, which was made in the course of the reading 
of the first paper. With an open-neutral transformer 
it is possible for the neutral voltage to earth to rise to 
twice the incident-wave voltage, and when the neutral 
is earthed through reactors this voltage may attain 
greater values. Under certain circumstances excessive 
inter-turn voltages may also be found at this point, 
with both earthed and unearthed neutrals. We are 


ever, that our external window is very little more 
difficult to make than other ground surfaces, and that 
once made it is extremely simple to use. In criticizing 
the examples shown in the paper (Fig. 4; page 513) it 
must be remembered that values of the beam current of 
the same order as those used in internal photography 
were employed, and these records were included to show 
what could be done under these adverse conditions. 
Normally we would employ greater values of current, 
and when a large number of records are required in a 
short interval of time for routine experiments the method 
has its advantages of simplicity. We thank Mr. 
Whelpton for commending our work on discharge tubes; 
in practice we do not alter the cathode-anode distance 
as the beam current is varied. 

In reply to Mr. Knowles we would say that we have 
used the oscillograph for the microtime examination of 
insulation breakdown. Very'little information is avail¬ 
able on solid insulation, but Peek and Torok have 
published various papers in the Transactions of the 
American Institute of Electrical Engineers that might be 



Fig, C.— Oscillogram iUustrating negligible oscillation at de-trapping. 
Time scale given by 500-kilocycle oscillation. 



Fig. D.—Oscillogram illustrating negligible 
oscillation at de-trapping. Sweeping time of 
the order of 1 microsecond. 


interested in Prof. Marchant’s comments on his experience 
with condenser potentiometers, with which we agree. 

Mr. Whelpton’s remarks are very welcome. The 
compactness of the oscillograph described in the second 
paper, on which he comments favourably, minimizes 
transport difficulties. As he points out, we have been 
able to shorten the oscillograph by means of three 
expedients. The first, concerned with the position of 
the focusing coil, has already been dealt with in our reply 
to Dr, Rayner. The second is the use of a single-stage 
^am trap. Although, as stated in . the paper, the 
double-stage trap has many advantages, we find our 
single-stage trap quite satisfactory in practice. In reply 
to Mr. Whelpton’s request to see a high-speed oscillogram 
m order to enable him to examine the effect of beam-trap 
oscillations, we would submit Figs. C and D. In the 
fcst case the voltage is high and rises rapidly, and in 
the second case the duration of time-sweeping is short, 
yet no ^appreciable oscillation results at de-trapping’ 
The third expedient is the relatively short distance 
between deflection plates and the screen; we have 
however, never felt the want of greater deflection 
sensitivity. His remarks on outside photography with 
a lens and camera are interesting;., we -have never tried 
this type of photography. We would assure him how- 


of ^sistance to him. We appreciate that the high-speed 
oscillograph will be of considerable use in problems 
associated with arc extinction in switchgear. 

In connection with Mr. Nuttall’s query concerning the 
small discontinuities of slope in certain of the oscillo¬ 
grams, we would state that these are caused by reflection 
at the turn-back of the overhead line used in those parti¬ 
cular experiments. The variation in the position of the 
discontinuity is due to the fact that at different times 
different lengths of line have been employed. 

We agree with Dr. Prescott that the inclusion of some 
of the formal equations before the derivation of the 
operational ones would have imparted further clarity 
to the paper; some formal equations were in fact included 
in the first presentation of the paper, but they were 
deleted later. Since we have dealt with concentrated 
circuits almost entirely, his assumption that series 
impedance implies concentrated impedance is quite 
correct. We agree that a truly infinite rectangular 
wave could set up maximum stress between two pointa 
on the same turn, but naturally no insulation breakdown 
would ensue. 

We are glad that Mr. Taylor has stressed the im¬ 
portance to all heavy-engineering designers of both 
experimental and mathematical transient research, and 
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we thank him for his favourable remarks on the appear¬ 
ance of the oscillograms. He is correct in stating that 
it is one thing to produce an oscillograph capable of 
drawing a line and quite another thing to obtain dis¬ 
tortionless results; the technique is certainly not simple, 
particularly at the higher voltages. We agree that 
fluorescent materials are being improved very rapidly, 
but it must be remembered that at the higher vuriting 
speeds considerable difficulties would arise with the 
small sealed-off oscillographs, even if the trace could be 
photographed. This has been referred to by Prof. 
MacGregor-Morris and Mr. Watson Watt. The purpose 
of having a higher degree of vacuum in the lower part 
of the oscillograph is principally to maintain the insula¬ 
tion of the deflection plates and to prevent beam 
scattering. The discharge tube shown in Fig. 6 is free 
from corona on the outside up to 70 kV; corona outside 
the tube above this voltage does not appear to affect 
the stability of the beam, although, of course, it is only 
satisfactory to design for no corona. The concave con¬ 
struction of the anode prevents the operator receiving 
the harmful effects of X-rays. The limit of writing 
speed due to the finite size of the deflection plates sug¬ 
gested by Mr. Taylor is correct. Mr. Taylor’s final 
question is very pertinent; to reduce the effect to a 
minimum, the plates are made long. 

It is very gratifying to have Prof. Thornton’s apprecia¬ 
tion of the oscillogram illustrations of the first paper. 
As he points out in reference to the Appendix, when 
equation (1a) has been formed the rest follows naturally 
once the reader has become familiar with the Expansion 
Theorem and the Shifting Theorem. Other equations 
for the total and reflected voltages similar to equation 
(1a) can be derived, and the later equations also apply 
to these. The author's thanks are due to Mr. Crawford 
for examining the equations in the Appendix. We 
agree with Prof. Thornton’s remarks on the need for 
high-speed oscillographs in works manufacturing many 
types of electrical equipment. As he points out, impulse 
tests on energized transformers, for instance, may 
eventually become part of acceptance-test routine in 
this country. We have done a great deal of work on 
these lines. It is necessary suitably to S 3 nichronize the 
impulses with the 60-cycle wave so that power-frequency 
follow-up current will indicate and mark any breakdown, 
and an oscillograph is the only means of monitoring and 
measuring the applied impulses and the subsequent 
behaviour. We congratulate Prof. Thornton on his 
foresight in being the first to purchase a continuously 
evacuated oscillograph for a university laboratory in 
this country. 

In reply to Mr. Harle’s remark regarding external 
photography we mention that the system we use depends 
on the translation of electron energy to light energy, 
whereas, in general, cellon windows are employed for 
the transmission of electrons outside the vacuum. Thus 
our glass windows can be thicker than those used for 
outside electron-blackening photography, with certain 
mechanical advantages. The earlier Lenard windows 
comprised thin aluminium foil, but we believe that 
minute pin-holes gave rise to some inconvenience from 
the vacuum point of view. With the normal current 
density in the writing beam appropriate to the writing 


speed required, no trouble whatever is experienced from 
after-glow. When a writing-beam current vastly in 
excess of this value has been employed we have noticed 
on occasion the luminous trace still persisting slightly 
on the screen some minutes later in the dark-room. 
With the very generous writing-beam currents of the 
order of 500 microamperes used in our early experiments, 
the surges actually became permanently engraved on 
the fluorescent coating of the viewing screen. The 
cement joints used in the construction of the oscillograph 
are made with picein wax; we have also employed 
glycolphthalic anhydride resin. The vacuum tap oper¬ 
ates perfectly satisfactorily. We have no information 
available on the relative smoothing effected by resistances 
and by saturated diodes, but of course either method 
may be designed to give any desired degree of smoothing. 
We would refer Mr. Harle to Dr. Rayner’s contribution 
to the discussion on this point. 

In reply to Mr. Ryle, we agree that the unit of operating 
experience should always be stipulated. This was 
inferred, though not explicitly stated, in the example he 
quotes, since it is mentioned that 73 surges, over 8 times 
normal, were recorded on 5 systems over a period of 
5 years, thus giving approximately 3 surges per system 
per annum. What is, however, just as important as 
the time and length units is the specification of the type 
of locality to which the experience pertains, and as this 
is not expressible in a simple index, a description of the 
soil conditions, country traversed, and frequency of 
thunderstorms, should, strictly speaking, be included. 
With regard to Mr. Ryle’s remark that a surge originating 
some distance from a terminus becomes appreciably 
flattened as it progresses, he is quite correct in respect of 
high over-voltages, but it must be remembered that the 
capacitance of the line cannot really be segregated and 
is the measure of one component only of its surge 
impedance and propagation velocity. The flattening is 
therefore not directly due, as he surmises, to the capaci¬ 
tance of the line, but primarily results from corona cind 
other line losses; or, more generally, is occasioned by 
any line-distorting characteristics. Corona, of course, 
increases the line capacitance, but this has the effect of 
slowing-up the high-voltage portions of the wave in the 
manner mentioned by Mr. Field. In view of these 
remarks Mr. Ryle will appreciate that extra earth wires 
cannot be of much value in the manner he suggests. 
Earth wires have their well-known applications, but the 
advantage of wires additional to the first is only slight, 
except for the purpose of reducing the hazards of direct 
hit on to conductors—as they do if they are high and 
if the earth resistances are low. We cannot in a short 
reply deal fully with klr. Ryle’s question as to the 
physical nature of the series and earth capacitances Of a 
transformer winding, but we would say that the latter 
refers to the total capacitance of the winding to eaxth- 
potential conductors assuming zero series inductance, 
while the former is that between ends of the coil 
—^regarding its inductance as infinite. For a trans¬ 
former of the size he mentions, these capacitances 
might respectively be of the order of 6 000 and 10 /x/xF. 

We are indebted to Mr. Horsley for drawing attention 
to the paper by Rendell and Gaff, which adds confirma¬ 
tion to the statement (in the Introduction of the first 
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paper) that induced lightning strokes are of no im¬ 
portance on lines operating above, say, 11 kV. Mr. 
Horsley refers to the propagation of surges from the h.t. 
to the l.t. windings of transformers. Such propagation 
is due not only to electrostatic induction, however, but 
also in a greater measure to electromagnetic induction, 
and the relative magnitudes of these depend on the 
factors enumerated by Mr. Horsley, on the mutual induc¬ 
tance between windings, and on the secondary termi¬ 
nal connections; and the more so is the latter true as 
regards the voltage developed at the secondary terminals, 
to which Mr. Horsley particularly points his argument. 
In the slide shown during the reading of the paper, the 
turns ratio of the single-phase transformer used in 
making the oscillogram was 22 :1, and measurements on 
other transformers have shown us that the later electro¬ 
magnetic portion of the secondary transient is sometimes 
twice as great as that given by the turn-to-turn ratio, 
which is in accordance with theory. (This also answers 
Mr. Bishop's queiy on this point in part, and Mr. 
Mackay’s query completely.) Mr. Horsley also refers to 
the breakdown of rotating machines. Here there are 
two sets of circumstances to be considered, those where 
the machines are connected directly to lines or long 
cables and those where they are connected directly to 
the l.t. windings of ti-ansformers. It is the former which 
are considered in the paper, and the latter which are 
dealt with by Mr. Horsley. Our reply to his query is 
that, in the event of a steep-fronted long-backed wave 
striking the h.t. winding of an unprotected transformer, 
breakdown may occur between turns or coils but not to 
earth. The surge transmitted to the l.t. winding may 
have a relatively high amplitude, but certainly will have 
only a relatively slow rate of voltage-rise. Thus there 
will probably be no danger of the inter-turn type of 
breakdown in the machines, and there is only left the 
possibility of breakdown to core. Machines under such 
circumstances may only rarely break down, but trans¬ 
former l.t. windings never do. Therefore, it cannot be 
argued that a machine is stronger than a transformer, 
particularly as the latter has- borne the brunt of the 
impact; in other words, in this case the machine is never 
called upon to withstand a steep wave-front, and, as 
we implied in the paper, the stresses occasioned by the 
fronts of waves are more onerous than those set up by 
their amphtudes. 

JMt. Clothier’s remarks are very interesting and we 
would first refer him to part of our reply to Mr. Stritzl. 
As Mr. Clothier states, even when a lightning arrestor 
is installed the transformer will be subjected to some 
transient voltage owing to the time-lag of the protective 
device, but his own argument shows that under such 
conditions the inter-turn insulation is excessively over¬ 
strained and breakdown is only obviated by reason of 
the briefness of the overstress. It is now well known 
that insulation exhibits electricahfatigue and that over¬ 
stress therefore permanently damages the insulation, 
which, though it may not fail under the first shock, is 
progressively weakened by successive over-voltages, 
until breakdown results . 

Mr. Field’s assumption that the flattening of wave- 
fronts due to a reduced propagation velocity caused 
by coiona on the high-voltage portions of the wave, is 


essentially correct. As regards his other point, focusing 
action due to ionization is not obtained, the focusing 
coil being relied on entirely. 

We thank Mr. Woodiwiss for his kind comments, and 
appreciate the greater impression he conveys by writing 
out the small time-interval as a decimal, but as a matter 
of interest we would point out that some of our pre¬ 
viously-published oscillograms justify the addition of at 
least two ciphers to the long row. The application of 
the oscillograph to radio measurements, which Mr. 
Woodiwiss mentions, is normally the sphere of the 
smaller glass sealed-off type. Such measurements 
usually consist in comparing the output and input wave¬ 
forms, and while theoretically nearly faithful repro¬ 
duction can be obtained, it is unfortunate that considera¬ 
tions of cost prohibit full advantage being taken of tliis 
in commercially-available apparatus. Comparisons be¬ 
tween sound input and output are very difficult and are 
rarely carried out. Filter apparatus such as he mentions 
is commercially available in the form of the surge absorber 
for effecting reduction in wave-front steepness. We 
cannot here give a full reply to his request for the speci¬ 
fication which such apparatus should meet. We can 
only say that the transformer and surge absorber should 
withstand an impulse test with the steepest possible 
voltage wave of magnitude depending on the trans¬ 
mission system insulation. The possibility of such 
acceptance tests being eventually standardized, and the 
form they should assume, have been referred to in our 
reply to Prof. Thornton. 

With regard to Mr. Bishop’s fears of overstrain 
resulting from over-voltages, he is quite correct in sur¬ 
mising that trouble may only be postponed. So far as 
we can reply generally to Mr. Bishop's second point, 
lengths of at least several hundred yards of cable are 
necessary to give the protection he indicates. The 
initial wave entering the cable suffers considerable 
reduction in amplitude, but successive to-and-fro reflec¬ 
tions allow subsequent build-up almost to the peak 
voltage. There is thus no reduction in voltage amplitude 
unless the wave is short or the cable long, but the front 
of the wave is effectively flattened by an amount 
depending on the length of, and the propagation velocity 
through, the cable, and the values of the various surge 
impedances. 

It is not possible to reply in general to Mr. Bishop’a 
last point without knowing all the circumstances of the 
case. If the system is connected through transformers 
to an overhead system which is subjected to lightning, 
there is certainly the possibility of surges being trans¬ 
mitted into the cable system. Owing to the fact, how¬ 
ever, that the ratio of primaiy line surge-impedance to^ 
secondary cable surge-impedance may be of the order 
of 8:1, the amplitudes of the secondary surges will be 
small. In addition, as we have pointed out in our reply 
to Mr. Horsley, the fronts of these surges are not steep. 
These facts probably account for the small amount of 
trouble experienced from these causes on the 6-0-kV 
cable systems Mr. Bishop has in mhid. 

Mr. Mackay’s interesting opening remarks call for no¬ 
comment. Our reply to Mr. Horsley covers his query 
regarding voltages in the secondaries of transformers. 
Mr. Mackay also mentions the fact thatincrease in inter- 
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turn insulation at the line ends of transformer windings 
does not give a proportionate increase in surge strength. 
This is quite true but is not always appreciated, and we 
are glad it has been mentioned. We cannot here reply 
to his final question. 

Normally the capacitance of the condenser in the time- 
sweeping circuit referred to by Mr. Moore is very much 
greater than the stray capacitances, and it is therefore 
unnecessary to measure this capacitance in situ. There 


are available three simple methods for calibrating time- 
abscissse motions. In the first, as a rough guide the 
product of capacitance and resistance and plotting of 
the appropriate exponential is used. The other methods 
consist of superimposing on the uncalibrated oscillogram 
an oscillation produced by a standard-frequency oscillator 
or the to-and-fro reflections in a short transmission line 
whose length is known and whose propagation velocity 
is that of light. 
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SWITCH CONTROL TO ELECTRICAL DISTRIBUTION SYSTEMS.”* 

West Wales (Swansea) Sub-Centre, at Swansea, 26th January, 1934. 


Mr. C. G. Richards: The subject dealt with by the 
authors. is of particular interest just now, since this 
month we are advised of the Electricity Commissioners’ 
new regulations for electricity supply by authorized 
undertakings. WhUe these new regulations increase the 
permissible limits of voltage variation, they contain 
clauses which will make it more difficult to maintain 
the voltage within even the wider limits of variation 
which are now permitted. It does not necessarily follow 
that the limits of voltage variation laid down by the 
new regulations will be those to which supply authorities 
will desire to adhere, because consumers are prone to 
complain of variation even within the limits of ±; 4 per 
cent permitted by the old regulations. The increasing 
use of electric motors in business premises, and the 
heavier loadings of distributors arising from heating 
and cooking, will make it necessary to give very much 
more attention to the voltage regulation of l.t. distribu¬ 
tion systems. The paper refers to the system of voltage 
control which has been adopted by a very large under¬ 
taking, but, in view of the increasing use of electricity 
for domestic purposes, special apparatus for the automatic 
control of voltage will in the near future be necessary 
in towns whose jiopulations are very small compared with 
that of Manchester. In the case of l.t. distribution net¬ 
works without automatic voltage-regulating apparatus, 
the maximum possible loading is determined by the 
permissible voltage drop and not by the thermal limits 


of the cables. It would be interesting to know whether 
the application of automatic voltage control has enabled 
the authors to increase the loading of their distributors 
so as to bring it nearer to the thermal limits, and, if so, 
to what extent. It would appear to be reasonable to 
expect that the capital charges and maintenance costs, 
of automatic voltage-control equipment could be readily 
saved on heavily loaded networks by the increase in 
the loading of the distributors, apart from the improve¬ 
ment in the service. It has been my practice to provide 
for manually-operated on-load tap-changing equipment 
on all distribution transformers. This enables one to 
provide the voltage regulation necessary at the various 
seasons of the year. Turning to the question of super¬ 
visory control, the present sphere of application of this 
appears to be limited to thicldy populated areas, but 
10 years from now supervisory-control systems will 
probably have to be considered by many undertakings 
in order to ensure continuity of supply and avoidance of 
delay when failures occur. I should be glad- to know 
whether the authors have adopted separate cables for 
their supervisory-control system, or whether Post Office 
telephone hnes have been used. If the latter policy has 
been adopted it would be interesting to know the results 
obtained, and also the particulars of the costs. 

[The authors’ reply to this discussion will be found 
on page 541.] 


Scottish Centre, at Edinburgh, 13th February, 1934. 


Mr, P. Butler: Referring to Fig. 11, it is doubtful 
what exactly the authors wish to stress ; it would appear 
that the voltage should be the same in both cases, for a 
fair basis of comparison. Does not Fig. 11 tend to 
make the excitation loss seem as high as possible ? The 
low-tension voltage is taken much higher in Fig. 12, and 
I should like to know the reason for this. It is evident 
from the increase of excitation loss that the authors have 
taken the case of very badly-designed transformers. On 
the other hand, it may be due to the old trouble that 

* Paper by Messrs. W. Kidp and J. L Gare (see page 285), 


users of transformers ask for tappings for high-tension 
variation, but use them for a different purpose, namely 
to vary the low-tension voltage. Such a misuse of the 
transformer results in variation of the induction in the 
iron, with a consequent variation in excitation loss and 
kVA. With regard to tap-changers, it is not quite true 
that with the resistor type the circuit broken is non- 
inductive. I should like some further information as to 
the speed of breaking the circuit since, according to the 
paper, this operation takes place in the first half-cycle. 
On some of the types of tap-changers illustrated in the 
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paper such a speed will certainly not be attained. It is 
to be hoped that the introduction of all these complica¬ 
tions into the structure of the transformer will not affect 
the main design of what is really a very reliable piece of 
apparatus. 

Mr. J. Eccles: The authors have a very favourable 
system for illustrating the advantages of automatic 
voltage control. It comprises a 33-kV network feeding 
a 6-6-kV network, which in turn feeds the usual dis¬ 
tribution system. Some undertakings dispense with 
the 33-kV stage and start with 11 kV or 6-6 kV; in 
such cases every substation is a main substation in the 
sense that the authors use that term, and close voltage 
regulation becomes much more expensive. Since the 
paper was written, the permissible voltage variation for 
new supplies has been altered to dz 6 per cent. This 
wider range might obviate the necessity for installing 
voltage regulators in certain cases, but I am of opinion 
that we should aim at giving the highest possible service 
and therefore should not necessarily avail ourselves of 
the extra allowance. Touching on the point about 
transformers raised by Mr. Butler, there is no doubt that 
the kVA curves shown in Fig. 11 must have been obtained 
on a transformer that was reasonably saturated initially. 
It has been the practice of the Edinburgh undertaking, 
for some time past, to specify that at normal voltage 
the flux density in any part of the iron circuit shall not 
exceed 11 000 lines per cm^. It was recently advocated* 
that this value of limiting density should be adopted 
by all distribution authorities; there is something to be 
said for this recommendation, not only from the point 
of view of voltage control but also from that of losses and 
noise. I should like to know what the authors’ experi¬ 
ence has been with regard to voltage surges during tap¬ 
changing, and particularly as to the relative merits of 
the choke and resistance buflers used in the changing of 
taps. Perhaps they will say which they prefer, and why. 

Mr. J. Bentley: It is not clear from the paper how 
the voltage is regulated when governing with the object 
of keeping a constant voltage; some variation is necessary 
to obtain power to operate the tap-changing devices 
described by the authors. Having been concerned with 
the design side of direct-current gear, I realize how diffl- 
cult it is to do this with electromagnetic devices. ^ 

Mr. F. C. W. Clark: On page 295 the authors describe 
an automatic voltage-control equipment which operates 
tap-changing gear. On this type of equipment the actual 
operation of the tapping switch is carried out by the 

North Midland Centre, at 

Mr, S, B., Sivlouir: Whilst the raising of the per¬ 
missible voltage variation to ±6 per cent will assist 
undertakers operating in rural areas, and in other 
difficult cases, my view is that it would have been 
better if this variation had been limited to an interim 
period of development. We shall only obtain and retain 
the cooking and heating load in the domestic realm by 
providing a supply within closer limits than those 
actually permissible, and I advocate designing the 
network on the basis of a regulation not exceeding 

♦ E. SE0DON and J. Ecci.es; “ The Design, Equipment, and Operation of 
Static Substations,” ProceeMngs of the Incorporated Municipal Electrical 
Acsociation, ld3S,-p. 2Q, 


energy stored in the flywheel of the motor, after this 
motor has been disconnected from the line. It appears 
to me that this method has an inherent weakness in that 
the amount of travel of the switch blades over, or 
through, the contacts, depends upon the amount of 
friction between the switch blade and its contacts. 
Should the contacts be over-lubricated there may be a 
danger of the blades passing right through them; on the 
other hand if the contacts are very dry the blades may 
only just enter them, thereby causing local heating. 
It would be interesting to know whether the operating 
circuits of this apparatus are supplied from a battery 
or from the mains through suitable transformers. 
In Table 1 the authors quote a resistance voltage- 
drop of 3*95 per cent and a reactance voltage-drop 
of 1*65 per cent (total 4-24 per cent) from the dis¬ 
tributor to the constant-voltage point. This corre¬ 
sponds to 17 volts (approximately) on a 400-volt 3-phase 
supply, and apparently represents the drop on both l.t. 
feeders and l.t. distributors. At a loading of 1 000 amps, 
per sq. in., corresponding to peak-load conditions, this 
would seem to limit the total length of l.t. cable to 
600 yards. I suggest that this is rather an uneconomical 
arrangement and that a more suitable position for the 
regulators would be at the 6 600/400-volt substations. 

Prof. F. G. Baily: With regard to the point raised by 
Mr. Eccles, namely that it would be expensive to adopt 
automatic voltage control on a system which only had 
distribution transformers, I think that in the future all 
systems will have both main substations and distribu¬ 
tion substations. Load densities are at present very low 
compared with what they will eventually be, and higher 
load densities mean shorter distances between distribu¬ 
tion-transformer substations. Thus although the ideas 
contained in the paper may at present apply only to a 
limited number of distribution systems, they will very 
soon apply to all towns. I do not know that I quite 
agree with the authors’ list of apparatus which requires 
regulation. I notice that cookers are put down as very 
sensitive pieces of apparatus; but one can cook a dinner 
on a coal fire, which has no thermostatic control, or in a 
gas oven subject to fluctuating gas pressure. I think 
the electric oven, even with the present crude method 
of regulation, compares favourably with its competitors. 
Lamps are less sensitive, as the metal-filament lamp 
more or less regulates itself. 

[The authors’ reply to this discussion will be found on 
page 641.] 

Leeds, 20th February, 1934. 

± 4 per cent, leaving the remaining 2 per cent to take 
care of contingencies. With regard to 75 kW being the 
limiting load for supply at low voltage, whilst this may 
be a fair figure to take for any large city or town, I 
think the figure is much lower in rural and some urban 
areas. The cities have much more copper in the mains 
and can probably take up to 76 kW, but in rural work 
with smaller average copper and scattered premises the 
limit for l.t. supply is generally of the order of 40 kW. 
I find little to disagree with in the paper, even when 
comparing the Manchester problem with that of supply 
over a large area. The authority with which I am 
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associated has exactly the same conditions to meet and 
is dealing with them in the same way, i.e. by providing 
regulation at the main distribution substations where 
we step down from 66 kV or 33 kV to the secondary 
distribution at 11 kV. By arranging the secondary 
distribution and networks with suitable constants, 
reasonable limits of regulation can be attained. I 
should like to ask the authors whether they prefer the 
resistor to the reactor type of tap-changing equipment, 
and whether they can give the results of any extended 
experience with these two types. 

Mr. R. M. Longman: The methods of voltage 
regulation which have been employed in the past fall 
into four stages: (1) Regulation at the power station by 
increasing the busbar voltage as the load increases. 
(2) Similar regulation at substations, chiefly where trans¬ 
formation to direct current occurs. (3) A combination 
of (1) and (2). (4) Regulation at the power station and 
also at static substations by automatic or remote- 
controlled apparatus with a compounding effect (the 
scheme adopted by the authors). On page 286 it is 
suggested that concentrated loads exceeding 75 kW 
should be supplied direct from the high-voltage feeders. 
This seems to be rather a low figure, but of course the 
actual value is largely dependent upon the loading in 
the neighbourhood and the size of the l.t. mains already 
laid, or the ease with which such could be provided. 
With reference to Fig. 1, the distances between the new 
substations 1-2, 2-3, 3-4, and 4-1, are approximately 
1 600, 900, 700, and 1 600 yards respectively, by direct 
measurement. It is perhaps a pity that the authors do 
not show the area adjacent to the square indicated in 
the figure, as presumably the substations which are 
located on the boundaries also feed areas all round them. 
It is'not to be expected that the regulation provided by 
the grid will meet the distribution requirements of the 
supply authorities. The figures given in Table 1 are of 
particular interest, and in the paragraph below I note 
the remark that the basic voltage on distribution trans¬ 
formers is adjusted by selection of the most suitable 
tappings. I should like to know what range of tappings 
the authors normally recommend. In my experience 
tappings of ± 2 ^ per cent and i 5 per cent have 
generally proved sufficient, and in many cases the 
— 6 per cent tapping could be omitted, the tendency 
being to keep the main transmission voltage as high as 
possible. On page 296 it is suggested that the operation 
of boosters during p)eriods of short-circuit would tend 
to cause abnormal stresses in the equipment; I am very 
doubtful whether the special relays provided to meet 
such conditions will prove effective, as short-circuits 
occur without warning and the rapidity of action is 
probably greater than that of the protective arrange¬ 
ments. A few years ago I had experience of two such 
instances, as the result of which some auxiliary items 
of the regulating apparatus were damaged. I found 
that if real protection was to be obtained all tapping 
and auxiliary apparatus of a reactive nature inserted 
during tap-changing had to be designed to withstand 
any of the stresses to which it might be subjected. 
Under short-circuit conditions a choke coil or an auxiliary 
transformer may quite possibly be subject to 10 times 
its normal voltage. It is of interest that on the grid 
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tap-changing equipments no case of failure or trouble 
has arisen oufing to a fault occurring whilst tap-changing 
has been in progress. 

Mr. W. Dundas: The difficulties of maintaining a 
4 per cent voltage variation over a large network appear 
to have been responsible for the increased tolerance now 
allowable under the revised regulations. I am inclined 
to think that this is a step in the wrong direction, which 
may retard development in the use of electricity as a 
heating medium, especially in the field of domestic 
service. Regulation to closer limits than ± 6 per cent 
should be effected as far as possible. The somewhat 
poor inherent regulation on many networks is due to 
the existence of a number of small feeder cables laid in 
the past; more copper has had to be provided on that 
account and in order to allow for future development. 
Again, a standard voltage of 6 • 6 kV for primary' dis¬ 
tribution is no longer sufficient on large systems, and it 
will become necessary in many cases to consider super¬ 
imposing a higher transmission voltage and subdividing 
the areas as indicated in the paper. I do not agree with 
the authors that 75 kW is the lower limit of load for 
direct high-tension supply. In densely loaded areas, 
adequate space on consumers’ premises is usually diffi¬ 
cult to obtain, and the provision of high rupturing- 
capacity switchgear and of the necessary precautions 
and safeguards makes the cost prohibitive. In large 
stores and buildings, duplicate transformers would be 
required to guarantee supply, thereby further increasing 
the cost and space involved. The problem is admittedly 
difficult and is closely associated with the average 
length of the l.t. distributors, which is given in the 
paper as 600 yards. With shorter distances, say 400 
yards, it would appear to be a more economical propo¬ 
sition to take supplies at low tension from a nearby 
transformer chamber. 

Mr. H. J. H. Netliersole: I should like to emphasize 
that some undertakers consider that the C.E.B. voltage- 
control apparatus can be used to regulate the voltage 
of their own supply networks. This gear is designed 
to keep the voltage on the undertaker’s busbars constant 
under all conditions up to full load of the C.E.B. feeders, 
and the ’undertakers should therefore make their own 
provision for voltage regulation. With regard to the 
authors’ remarks on the control of the automatic regu¬ 
lators, have they ever attempted to control the auto¬ 
matic apparatus from a relay at the remote end of a 
distributor, e.g. at the works of a large consumer ? 
I am rather surprised at their statement that remote 
control for voltage regulation is uneconomical, in view 
of -their wholesale adoption of it for supervisory control 
gear. I should have thought that controlling the 
regulating gear from the main supervisory point \yould 
have been cheaper, and probably even more reliable, 
than automatic regulation. Turning to the subject of 
supervisory gear, I do not think the authors method for 
tripping a circuit breaker is ideal. The operator should 
be able to trip any switch in one operation, instead of 
having to wait for the check signals to come back to 
him before he can finally open the switch. Consider 
an ordinary remote-control board where the operator 
has to push only one button in order to trip a switch; 
mistakes very seldom occur, and I therefore cannot see 
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why the supervisory board, once the operator has 
become used to the gear, should not be just as simple 
to handle as any other type. There should be no 
difficulty in choosing the right button to push. I 
presume the idea at the back of the author’s mind in 
having more than one stage per operation is to guard 
against mistakes in selection, but I feel that it will only 
be a matter of time before supervisory control gear 
becomes as common as ordinary remote-control gear, 
and unnecessary stages in operation will then be 
eliminated. 

Mr. P. M. Maxwell: I consider that the regulation 
of the Electricity Commissioners which increases the 
permissible voltage variation from ± 4 to ±6 per 
cent represents a retrograde step. Although the former 
variation of 4 per cent was often exceeded, to the 
detriment of the supply industry, the increased figures 
introduce the danger of going from bad to worse. In 
regard to the voltage regulation, the size of the system 
(i.e. the lengths of feeders) determines to a great extent 
the position where regulation should be effected, but I 
am incHned to agree with the authors’ opinion that 
generally the best plac.e is the substation. In a compar¬ 
atively small supply area of from 6 to 8 square miles like 
the one with which I am connected, the question of 
regulation is not serious if the provision of copper has 
been on generous lines. 

Mr. I, H. Hedley; I am in agreement with the 
authors that it is desirable to make on-load tap-changing 


gear for transformers entirely automatic and also to use 
it on large units only. There seems to be a school of 
thought which proposes on-load tap-changing gear for 
all distribution transformers, but as the average size of 
such transformers appears to be about 150 kVA I do not 
think such a development will be satisfactory, apart 
from its prohibitive cost. The necessity for voltage 
regulation in order to give the maximum voltage at the 
point of maximum load is clearly shown by reference to 
Fig. 11, from which it will be seen that, in order to get 
slightly more than normal voltage at periods of peak 
load, it is necessary to have 8 per cent over-voltage at 
periods of light load. This over-voltage on light loads 
gives rise to a very large increase in the magnetizing 
current, the value given by the curves beiirg 40 per cent, 
and this occurs when it is least desirable, that is, when 
the load current is of approximately the same value as 
the magnetizing current. This brings me to the impor¬ 
tance of transformers having a low flux density; in my 
opinion no distribution transformer should have a higher 
flux density than 12 500 lines per cm^ on normal voltage 
and tapping. I shall be glad to know whether the 
authors can confirm, from experience, the statement at 
the bottom of page 293, that with the resistor method 
of on-load tap-changing gear there is less wear than with 
reactive methods. 

[The authors’ reply to this discussion will be found 
on page 641.] 


South Midland Centre, at Birmingham, 26th February. 1934. 


Mr. J. Goodman: In Table 1, figures are given for 
the resistance and reactance; I should like to know the 
size in kVA to which these figures refer. In this con¬ 
nection is there any tendency in rural districts where 
the usual size of transformer is, say, 15 to 20 kVA, to 
revert to impedances of the order which held sway some 
IS to 20 years ago, namely 2 per cent ? Such a change 
would tend to ease the regulation question on the lower 
power factors. Turning to Fig. 11, the authors state that 
it is essentia! that the distribution transformers should 
be designed with reasonably low flux densities. I should 
be interested to know whether they have any figure in 
mind for the maximum induction in the. core, as obviously 
the higher this is the greater the possibility of trouble 
due to high harmonics. I gather that the authors have 
met wdth trouble due to harmonics; I should be glad to 
know with which harmonics they have had trouble, and 
what form the trouble took. With regard to tap¬ 
changing on load, this is fairly common practice and 
transformer manufacturers can meet any usual demands. 
The authors consider that the tap-change equipment 
should be designed so that no harm arises in the event 
of an operation not being completed. I prefer that it 
should be a feature of the design that once the tap- 
change movement has commenced it cannot fail to be 
completed. Stabihty of the equipment is also very 
necessary. With regard to Fig. 16, showing the boosting 
^an^ment, I should be glad if the authors would con¬ 
firm tbat, with the arrangement shown, phase shift will 
^ e III o ucedi With regard to the utility of on-load 
tap-changmg, the authors consider that this should be 


applied to the main transformers only, the distribution 
transformers being adjusted on a particular tapping 
prior to installation. Would this apjply if there were long 
feeders in the district ? As an analogy, one might con¬ 
sider the installation of static condensers for the im¬ 
provement of power factor. If one large unit alone is 
installed at one position the correction obtained is not 
so good as when several smaller condensers are placed 
at selected points. Does not a similar idea apply to 
some extent to voltage regulators? On-load tap¬ 
changing gear is possibly not uneconomical in the neigh¬ 
bourhood of 600 kVA, but with smaller sizes of trans¬ 
formers the cost of such gear is very much out of propor¬ 
tion to the price of the transformer. I should be glad 
if the authors would enlarge upon their remark about 
the noise caused by the operation of a tap-changing 
movement. If the transformers fitted with on-load 
tap-change equipment are installed in the main sub¬ 
station the noise which is usually experienced is not 
serious. 

Mr. F. Barlow: There is just one point I should like 
to make in connection with automatic voltage regulation 
on medium-voltage feeders. About four years ago we 
had a very cold snap at this time of the year, and in a 
town very near Manchester where residential consumers 
were supplied through the medium of 60-kVA trans¬ 
formers it was found that owing to the increase in the 
installation of radiators the local transformers became 
very much overloaded, and in consequence the voltage 
regulation was very bad. The result was that the size of 
the transformers had immediately to be doubled, and a 
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system of automatic voltage regulation is now being 
installed at the suburban substations. Perhaps the 
authors could tell me whether they met with a similar 
occurrence in Manchester, and, if so, whether it was found 
necessary to deal specially with the situation. 

Mr. J. A. Sumner: I agree with the authors that the 
wireless and lighting load is a class of demand in which 
the voltage regulation is very critical, and I suggest 
that the introduction of “ all-mains ” wireless sets, 
and of television sets, is causing a very serious problem. 

I should like to mention that in rural areas the difficulties 
of voltage control are much greater than in the towns. 
Where the mains are of comparative^ small section— 
the copper in the mains is more or less proportional to 
the density of the area they have to cover—a 3-kW 
radiator or an 8-kW cooker is a very serious proposition. 
In view of the smallness of the revenue obtained in rural 
areas, one generally has to wait until receiving com¬ 
plaints about the voltage variation before installing 
voltage-control equipment. One of the difficulties is 
to know when steps should be taken to introduce such j 
equipment. Should one wait until the voltage has fallen 
by 6 per cent, say, 3 times in a year? I do not agree 
with the statement (page 293) that steady voltages 
increase consumption and revenue. Suppose a rather 
mean consumer has a 25- or 40-watt lamp in a 12 ft. 

X 12 ft. room, and is just able to read when the voltage 
is normal. When the voltage drops he generally puts in 
a 60-watt lamp; low voltage does not decrease revenue 
in this case, but it may increase it. Referring to Figs. 4, 
6, and 6, I should like to ask the authors whether these 
are the actual recorded curves. As I see it, the effect of 
regulating was to bring the voltage down to a more 
steady, but lower, level. 

Mr. J. D. Parker: I am particularly interested in the 
supervisory gear, and I should like to ask the authors 
whether they have tried the carrier-current system. 
This would overcome the difficulty of carrying on a tele¬ 
phone conversation and at the same time effecting super¬ 
visory operation. I understand that the Post Office 
employ a type of gear called a “ routine tester " which 
tests the supervisory apparatus at a high speed and with 
such a degree of accui*acy that faults are detected before 
they affect the apparatus; have the authors considered 
the installation of such apparatus ? The Post Office have 
had trorible with the relays on their selector mechanism, 
which is of a similar type to that used by the authors, 
due to oil accumulating on the relay contacts. I have 
been informed that this caused a great deal of incorrect 
operation in Post Office selector circuits until the fault 
was finally traced and corrected. 

Mr. W. Wilson; The authors deal with their subject 
largely from the supply point of view, and set out very 
completely the requirements to be met and the results 
which have been obtained. It will be of interest to refer 
briefly to the design of the apparatus whereby the 
operations specified by them have been carried out. 
One of the principal conditions that they lay down is 
that a tap-change must be infallibly carried out when 
the starting impulse has been received. The reason for 
this is, first, that several transformers are almost invari¬ 
ably connected in parallel, and that if one is working on 
a different tapping from the others heavy circulating 


currents will be produced which will quickly cause 
serious overheating; and secondly, during the actual 
tap-change, a number of components having short rat¬ 
ings are brought into circuit, which would be speedily 
burnt out if the operation were halted mid-way. Since 
failure of the supply voltage is a possible cause of such a 
halt, it is necessary that the gear should store sufficient 
energy to complete the whole operation with the supply 
cut off. Such storage is best efiected mechanically, and 
there are three available methods, namely those employ¬ 
ing a fljrwheel, a falling weight, and a spring. Each of 
these devices has its proper field, the flywheel being 
appropriate for the largest pieces of equipment, the falling 
weight for the intermediate sizes, and the spring- 
controlled gear for the smallest regular substations. 
The production of the apparatus has required consider¬ 
able ingenuity, and it is gratifying to have the authors 
statement as to the satisfactory working of the designs 
that have been got out. As a typical cycle of operations, 
that appropriate for the largest class of apparatus will 
be described. In the first place, a squirrel-cage motor 
of about 3 h.p. accelerates a flywheel to nearly syn¬ 
chronous speed (i.e. about 1 400 r.p.m.) in the course of 
from 20 to 26 revolutions, and the motor is then cut ofl 
from the line. Secondly, the speed is tested in the course 
of the next 3 to 5 revolutions by means of a fly-ball relay. 
Thirdly, the speed being in order, a mechanical clutch 
is operated and the tap-changing gear completes its 
operation, the flywheel giving up not more than 200 
r.p.m. in supplying the energy. Fourthly, a mechanical 
brake is applied to bring the flywheel to rest within a few 
revolutions; and fifthly, the motor is brought back to its 
exact starting position ready for the next tap-change, 
by means of automatic control gear resembling that 
employed for " decking ” automatic lifts. Regulation 
of rural distribution fines possesses a special significance, 
in that first the expense of tap-changing gear as described 
above would be quite out of the question, and secondly 
the cost of a high-tension transmission fine is frequently 
not justified. Regulation is required in the case of many 
communities taking a much smaller load than the 15 kVA 
which has been mentioned by a previous speaker, and I 
consider 6 kVA to be a very useful size for such purposes. 
When small villages of about this size are first connected 
it is a great advantage for them to be supplied from low- 
voltage lines, which will involve a voltage variation of 
anything up to ± 10 or ± 15 per cent. This can be 
corrected by means of a cheap and simple automatic 
regulator, which should not cost more than about £25, 
and which can be removed for use in another locality 
when the load has grown sufficiently to justify the instal¬ 
lation of high-voltage transmission. The problem of 
producing such regulators is a special one, but it can be 
solved by designing them in the form of “ overgrown ” 
relays in which the one device not only measures the 
correction required but also furnishes sufficient energy 
to carry out the operation. 

Mr. R. H. Rawll: Supply engineers have been very 
interested in the recent amended regulations of the 
Electricity Commissioners, wherem supply authorities 
are now given a latitude of 6 per cent, instead of 4 per 
cent, in their variation of voltage. I should think that 
this must be considered by most supply engineers to be 
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a retrograde step, as is borne out by the specific statement 
in the early part of the paper that, with the ever- 
increasing development of special applications as regards 
electrical apparatus, it is necessary that very close 
regulation of voltage should be maintained on supply 
networks. Several speakers have pointed out that the 
necessity for regulating the voltage on a large e.h.t. 
system usually involves regulation at key points, and I 
notice that the paper refers to automatic regulation. It 
is the usual practice of supply authorities who are 
responsible for large networks to install voltage- 
regulation apparatus at key points, but it is not always 
automatic. I can therefore quite appreciate the point of 
view of the authors that if the full benefits of automatic 
regulation are to be realized all regulation must be by 
automatic means, instead of the equipment at some sub¬ 
stations being arranged for automatic control while others 
are manually operated. The Birmingham undertaking 
have a number of regulating points in connection with 
the main 33-kV trunk cables, and the opportunity of the 
general upheaval caused by the frequency-change is 
being taken to introduce additional regulation at certain 
other centres. I should like to ask the authors whether 
they have on the Manchester system any form of regula¬ 
tion on the trunks at the input end ? So far as I can 
gather from the paper, all the regulation is done at the 
33/6 • 6-kV transformer where if is stepping down. Con¬ 
sider the case of a 33-kV trunk from a generating station 
or a grid substation which is looped in to feed a 33-kV 
substation where step-down transformers are installed, 
and then goes on to feed another similar 33-kV sub¬ 
station. It is quite possible in such circumstances that 
two regulating points could not be justified, and that it 
would be necessary to install one regulating point only 
at the input end. I should like to ask the authors 
w^hether such a case arises in the Manchester area. They 
give some interesting figures regarding the cost per kVA 
of installing automatic regulation apparatus, and refer to 
the pilot wires. I presume that these were already 
installed; the cost of installing pilot wires, especially in 
an urban district, is rather heavy. It would be interest¬ 
ing to know how long it took for the complete automatic 
system to be installed and put into commission. With 
regard to the 6-6-kV distribution, what is the avereage 
number of substations, and what is the loading and 
length per ring main ? In Birmingham, where we have 
a very dense industrial area towards the centre of the 
city we have some very heavily loaded e.h.t. ring 
wjth a considerable number of consumers, and, like the 
e.h.t. networks of other large cities, these were originally 
laid down in the days when the generating stations were 
compaxatively near the loads which they fed. As the 
load increased, additional generating stations were 
outskirts of the city, and. by means of 
dd-kV trunks, main substations have had to be intro- 

network. It will be appreciated 
that the voltage regulation of such a heavily loaded e.h.t. 
network becomes quite a problem when not only are long 
ring-mams feeding numerous industrial consumers con¬ 
cerned, but, in addition, the main substations to which 
ese ring mains are connected also have rotary-convertor 
plant installed for supplying d.c. low-tension networks. 

It would be interesting to learn from the authors whether I 


a similar condition of affairs prevails in any area in 
Manchester, and whether automatic voltage control on 
the lines stiggested by them is successful in such cir¬ 
cumstances. 

Mr. F. S. Naylor: I intend to confine my remarks to 
the question of loss of revenue due to poor regulation. 
I take it that the authors are advocating automatic 
voltage regulation, firstly at consumers’ premises, and, 
if this is not possible, then at distribution substations. 
Having described the field of these two possibilities, 
they go on to say that it is better to install it, for reasons 
of economy, in the main substations. Their grounds 
for advocating automatic voltage regulation are better 
service, less excitation loss, and increase in revenue. 
The authors have not produced a very strong argument 
for installing complicated apparatus of this nature, 
particularly in rural areas. It should be borne in mind 
that the t^e of argument that would appeal to a 
supply engineer is a statement of the economies that 
would be effected by installing such gear. I think 
the argument lies in the question of loss of revenue 
owing to poor regulation. The energy consiimed is 
undoubtedly increased by keeping up the voltage of 
the supply to consumers, but incidentally the maximum 
demand on the system is increased. In the case of 
I energy consumed it can be shown that at 100 per cent 
load factor—^which, of course, is never obtained—the 
increase in consumption effected by maintaining the 
voltage 'variation between the limits of -t- 4 per cent 
and declared voltage, as against ± 4 per cent of the 
declared voltage, is 8 >51 per cent. There is also an 
increase in the maximum demand on the system by 
the same amount, i.e. 8*61 per cent. Will the revenue 
derived from the increased consumption be outweighed 
by the increased cost of the bulk supply on maximum- 
demand charges ? I should like to ask the authors 
whether they have considered this point, which has 
struck me as being of sufficient importance to warrant 
a close investigation of a particular case, namely that 
of a 60-kVA transformer in the Shropshire distribution 
area. This transformer has a load factor of 16-2 per 
cent, and the revenue from it amounts to £943 per 
annum. The cost of the bulk supply to provide the 
energy consumed from this transformer is £162 10s. 
(fixed charge), plus £65 per annum (running charge), 
based on £3 5s. per kVA plus 0-185d. per unit. On 
running charges only the difference between tlie revenue 
that was obtained and the cost of the units is £943 — £66, 
i.e. £888 per annum. By taking the annual load 
curve of the transformer and replotting it on the 
assumption that the voltage varied between -|- 4 per 
cent and the declared voltage, instead of ± 4 per cent, 
it was found that the amount of energy supplied 
would have been increased by 4-8 per cent. Taking 
into account all the_ factors that I have mentioned, it 
was found that the increasp in revenue outweighed the 
mcrease in bulk-supply costs, and that there was a net 
increase in profit of £28 per annum. Automatic voltage- 
regulator equipment would cost about £100-£160 for a 
60-kVA transformer, and the capital charges on such 
equipment might be approximately £13 (based on 8 • 5 per 
cent per annum for interest and sinking-fund charges). 

It will be seen, therefore, that in order to obtain an 
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increase in revenue of £28 one could afford to spend £13 
in providing voltage-regulator equipment. This case 
illustrates the type of economic argument which appeals 
to the supply engineer. 

Mr. W. Burton: It would be true to say that as 
regards voltage regulation what is correct practice for 
an urban district is in many instances correct practice 
for an area comprising urban and rural districts. Where¬ 
as in Manchester or Birmingham one 600-kVA trans¬ 
former is employed per substation, in rural areas 
transformers of 16 to 26 kVA are largely used, and as 
the authors state that it would not be a practical 
proposition to provide regulating equipment for each 
small substation in urban areas, it obviously would 
not be economical to provide it in a rural district. 
I would like to support the authors’ contention that 
regulation should be provided at certain strategic points. 
Some years ago, when areas were small, the only equip¬ 
ment installed for purposes of regulation—whether 
a.c. or d.c.—was at the power station, but this would 
not be sufficient to-day. Regulating equipment lor 
eacli substation would theoretically be very satisfactory, 
but it would be costly, and I do not think it would 
necessarily be the best system to adopt. In the first 
place, we get the advantages of diversity by regulating 


at kej? points: the high power-factor load helps the low 
power-factor load. Moreover, a 500-kVA regulator 
will deal with 1 000 or 1 500 kVA on various feeders, 
owing to the effect of the diversity factor. A point 
which arises more particularly on rural supplies is the 
sudden voltage-drop which occurs when a piece of 
apparatus is switched on. For example, on a 15-kVA 
supply to one, two, or three private houses, a consider¬ 
able drop will occur when a big cooker, radiator, or 
geyser, is switched on, whereas with a 500-kVA unit 
this would not matter so much. Assuming that voltage 
regulation is carried out at the key points, the effect of 
this sudden drop is small. I think that in rural areas it 
would be easier to maintain a constant voltage if the 
makers would supply transformers with low regulation. 
The objection will be raised to this that such trans¬ 
formers are not so suitable for dealing with short-circuits; 
but rural transformers are generally installed so far 
away from the power stations that I think we could do 
something along these lines. It is unwise to reduce the 
copper cross-section too much, as there frequently arises 
an emergency when the demand is temporarily increased, 
e.g. a very cold snap will increase the supply taken for 
heating. In such an emergency the chief consideration 
will be the current-carrying capacity of the mains. 


The Authors’ Reply to the Discussions at Swansea, Edinburgh, Leeds, and Birmingham. 


Messrs. W. Kidd and J. L. Carr {in reply) : Many 
of the comments made in these discussions are covered 
by our earlier reply.* We propose to deal with the 
remainder according to their subject-matter. 

Working Limits of Voltage. 

We agree with Mr. Siviour that it would have been 
preferable to apply the increased limit of permissible 
voltage variation to special cases only. 

In reply to Mr. Richards we would observe that, since 
the adoption of automatic voltage control, complaints 
regarding voltage conditions have been reduced by 
approximately 60 per cent. Of these, only a small 
percentage were found to be justified, and a number of 
these cases were satisfactorily met by overhauling relay 
settings. Expense in distribution alterations has there¬ 
fore been reduced very considerably. 

Selection of Voltage-Regulating Position. 

With reference to a point raised by Mr. Rawll, on the 
system described in the paper no voltage adjustment is 
made at the input to the main transmission system. 
Where this is possible, the variation required at other 
points is naturally reduced. The whole of the auto¬ 
matic equipment was installed within a year. 

The case cited by Mr. Maxwell probably lends itself 
admirably to voltage adjustment at main busbars, 
provided that the amount of distribution copper is 
adequate. 

We are pleased to note that Mr. Hedley supports our 
argument regarding the location of tap-changers. 

Urban Distribution Methods. 

Replying to Messrs, Clark, Wilson, Rawll, and Long¬ 
man; as is described in the paper, distribution networks 

♦ See page 317, 


(i.e. without medium-voltage feeders) are installed. 
The maximum permissible voltage-drop in distributors 
is the same under all conditions, and is not governed 
by the location of regulators at different points. 

Main transformers are not operated in parallel on the 
system referred to, but may be paralleled during system 
changes for short periods. At such times, however, the 
taps are adjusted manually. 

As stated earlier, the average number of consumers’ 
and distribution substations connected to a 6 600-volt 
feeder is 4. The loading varies considerably according 
to the location and state of development. Converting 
substations are also connected, and usually constitute 
important switching centres. Automatic voltage control 
has been successfully applied to the whole system. The 
substations shown in Fig. 1 supply neighbouring dis¬ 
tricts also. 

Load Densities and Development. 

In response to the remarks of Mr. Eccles we would 
observe that the system described has been designed to 
meet future requirements: the necessity for this is not 
always appreciated. 

We are in complete agreement with Prof. Baily’s 
forecast of future development. 

It is impossible to give a general limit of load for 
high-voltage supply. Much depends on local conditions, 
and the methods suggested by Mr. Dundas appear quite 
satisfactory. 

Effect of Seasonal Load. 

We would inform Mr. Barlow that during the severe 
weather referred to, certain substation plant w'as heavily 
taxed; no drastic overhaul of distribution plant was. 
however, necessary. 
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Voltage Charts. 

We would inform Mr. Sumner that the charts referred 
to were plotted from actual voltage records to show 
total variations. The result is to reduce the voltage at 
light-load and increase it at heavy-load periods. 

Increase in Consumption due to Better Voltage Conditions- 

If the lighting load is increased on account of the 
voltage being low, the drop is accentuated. We would 
refer Mr. Sumner to remarks made by other speakers on 
this point in earlier discussions. 

The particulars given by Mr. Naylor for Shropshire 
are interesting and valuable: increase in revenue does 
not, however, constitute the main argument for auto¬ 
matic voltage control. This point is dealt with more 
fully in our earher reply. 

Transformer Losses. 

Dealing with the remarks of Messrs. Butler and Eccles, 
we would observe that, in a system without voltage 
control, the tappings of distribution transformers are 
arranged to give approximately the declared voltage at 
times of heavy load. At other times the distribution 
voltage increases because of reduction in voltage drop 
in, the component parts of the system. On a controlled 
system the voltage is adjusted so as to give the declared 
value on distributors at light load, and to increase by 
the amount required to compensate for distributor and 
other drops at the maximum load: the average voltage 
is therefore lower. Figs. 11 and 12 were prepared from 
actual voltage measurements, and the remaining par¬ 
ticulars computed from reliable transformer data. 

Distribution Transformers. 

The following remarks cover points raised by Messrs. 
Butler, Eccles, Goodman, Hedley, and Longman. 

The transformers are designed with a flux density of 
12 500 lines per cm^ at rated voltage, and are the 
products of reputable makers. The limitation of flux 
density at rated voltage is highly desirable, although 
the value mentioned by Mr. Eccles is, if anything, rather 
lower than is essential on a controlled system. The 
importance of this point is also stressed by Mr. Hedley. 
The average size of distribution transformer employed 
is between 250 and 600 kVA. The adoption of very 
low-reactance transformers might necessitate the pro¬ 
vision of additional reactors at other points, because of 
short-circuit considerations. Distribution-transformer 
tappings are now specified to be ± per cent and also 
-f 6 per cent in addition to normal. 

Compensators. 

The difficulties attending remote control by pilot 
wires from the distributor, as suggested by Mr. Nether- 
sole, are considerable. With an isolated distributor and 
a carefully adjusted compensator the effect would, of 
course, be the same. The regulator, however, caters for 
average conditions over a wider area; and, provided that 


due care has been paid to the lay-out of the local system, 
control by means of a compensator is satisfactory. 

Voltage Variation to Initiate a Tap-Change. 

Replying to Mr. Bentley, although the system is 
intended to maintain approximately constant voltage at 
•consumers' premises, minor alterations must obviously 
occur before the apparatus will operate. 

Effect of Short-Circuit. 

Dealing with a point raised by Mr. Eccles, we would 
remark that no trouble has yet been experienced due 
to tap-changing during system faults. Faults on the 
6 600-volt system are comparatively rare, and the 
probability that these may synchronize with tap-changes 
is remote. 

Harmonics. 

We should like to correct Mr. Goodman’s impression 
regarding harmonics. No trouble from this cause has 
been experienced on the supply system described; but 
difficulties are not unknown in other places. In our 
view, the maximum flux density should not exceed 
13 000 lines per cm^. 

Time of Operation for Tap-Change. 

In reply to Mr. Butler, the time of 1 half-cycle for 
interruption of the current refers to the actual contactor 
and not to the complete tap-change. 

Tapping Switch. 

A point raised by Mr. Clark is explained by the fact 
that the tap-changers' are provided with definite stops, 
for the purpose of securing accurate registration of 
contacts. Operation is by means of mains supply. 

Supervisory Gear. 

We would inform Mr. Parker that since metallic 
circuits are available, no necessity has arisen for the use 
of the carrier system. The installation of a routine 
tester for supervisory equipment has not yet been found 
necessary; wear and tear is naturally much less than in 
a busy automatic telephone exchange. 

We would inform Mr. Nethersole that the object of 
the double operation before switchiug is to provide a 
delay so as to reduce the possibility of incorrect selec¬ 
tion. In the early stages, at least, this has been found 
to be a wise precaution. 

In reply to Mr. Richards's inquiry regarding the 
supervisory system, lines have not been rented from the 
Post Office. 

Maintenance and Reliability. 

Deahng with the remark made by Mr. Butler, we 
would observe that although tap-changers remove the 
completely static character of the transformer, expe¬ 
rience does not indicate any considerable impairment of 
reliability. 

The information given by Mr. Longman is very 
encouraging. 
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AN INVESTIGATION INTO THE FACTORS CONTROLLING THE ECONOMIC 

DESIGN OF BEAM ARRAYS. 


By T. Walmsley, Ph.D. 

imh October, 1933; read, before the Wireless Section Zvd January, 1934.) 


{Paper first received IQth A ugust, and in final form 

Summary. 

The engineer, faced with the problem of designing beam 
arrays for transmission and reception purposes, should satisfy 
himself that his proposals are technically and economically 
sound. He thus requires to know the anticipated performance 
and cost of each section of complete array systems, to enable 
him to arrange an equable balance between gain in distant 
field strength and capital outlay needed to obtain this gain. 
The factors concerned in the solution of the problem are:— 

(1) the angle of elevation of the axis of the main lobe of 
radiation of the beam to give the highest gain in field; 

(2) the economical design, fabrication, and erection, of 
structures to support the array; 

(3) the most economical type of feeders and transmission 
lines to use, having regard to the energy losses and pick-up 
of the lines. 

I'hcse tliree factors are investigated in the paper, and, from 
the results of the investigation, deductions are drawn regard¬ 
ing the gain of a horizontal type of array composed of numbers 
of half-wave radiators grouped in various ways. It is shown 
that the cost of array systems increases rapidly not only with 
wavelength but also with the angle to the vertical at which 
the radio energy is required to be projected or received. 


Table of Contents. 

Part 1. Measurement of the best angle of projection 
of beams of radiation. 

Part 2, Supporting structures for arrays. 

Part 3. Transmission lines. 

Part 4. Relationship between capital outlay on 
array systems and resulting gain in field 
strength. 

List of Symbols. 

a — outer radius of inner conductor of tube 
transmission line, in cm. 
h = inner radius of outer conductor of tube 
transmission line, in cm. 
hp — breadth of section of post. 

5s = width of section of bracing. 

0 = velocity of propagation of electromagnetic 
waves in space. 

X) = separation of wires of transmission line, 
and d^~ constants depending on ct,/, k, and 6. 

/ s= frequency, in cycles per sec. 

/o = critical frequency. 
h = height above the earth. 

I = current. 

K and jq = constants depending on dj, d^, and 0. 

Jcq = constants depending on wind load. 

I = length. 


List of Syuboils—- continued. 

M — number of rows of radiators in array. 

,, jV = number of radiators per row. 
n = number of wavelengths. 

P = top horizontal pull on tower, in tons. 

Pj = power radiated by standard aerial. 

Pjy = power radiated by compared aerial. 

Ji = equivalent resistance of tube transmission 
line per cm, in ohms. 

== resistance of single standard half-wave 
radiator. 

Ejtf = resistance of individual half-wave elements 
of an array consisting of N radiators. 
r, Tq = great distances from radiators. 

Tg — mmimum radius of gyration of steel section 
of strut. 

t = time, in seconds. 

W — mass of tower, in tons. 

X = (height of apex of ray above earth) /(radius 
of earth). 

jS = angle between the projection of the ray on 
the zx plane and the z (or vertical) axis, 
e, 62 = amplitudes of electric fields at receiving 
measuring set. 

^i/ 3 > ^iVjs = electric fields due to standard and com¬ 
pared aerials respectively. 

9 — angle betw’een ray and vertical axis. 

9j^ — angle between direction of radiator and 
direction of ray. 

• 9c ~ critical angle, 

K — dielectric constant. 

X — wavelength. 

IX — magnetic permeability. 

p == resistivity of transmission-line wire or tube. 
<7 = conductivity of soil, in electrostatic units. 
w = 27t/. 

Part 1. MEASUREMENT OF THE BEST ANGLE 
OF PROJECTION OF BEAMS OF RADIATION. 

Introduction. 

Although in the design and lay-out of beam aerials 
great care is taken to ensure that the axis of the beam 
lies in the great-circle path joining the transmitting and 
receiving stations, little attention has been given to the 
correct angle of elevation of the axis of the beam. 

The opinion in general is that in the case of long¬ 
distance propagation a low angle of elevation to the 
earth is productive of the best results. This conclusion 
was reached both by Meissner and by Eckersley, The 
former conducted tests between Berlin and Buenos Aires 
by rotating a parabolic reflector about an energized 
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horizontal antenna placed along the focal axis of the 
reflector curtain. By rotating the parabola the beam 
was projected at different angles of elevation, and 
Meissner'^ concluded that low angles gave the highest 
field at the distant point. Since the width of the beam 
in the vertical plane was considerable, and since, owing 
to reflection from the earth, the direction of the maximum 
field made a large angle with the horizontal, Meissner’s 
tests yielded no definite conclusion. 

T. L, Eckersleyt conducted tests by suspending three 
short-wave vertical aerials at different heights above the 
earth. Since stronger signals were received when the 
higher aerials were used, he concluded that radiation 
maldng a low angle with the horizontal was the most 
effective. His results, like those of Meissner, lacked 
definiteness. 

A few years ago the author, on behalf of the Radio 
Section of the Post Office Engineering Department, 
made tests between Rugby and New York and between 
Ri^gby and Australia with the idea of ascertaining what 
improvement could be expected by projecting a beam 
with low-angle radiation. Three aerials were built for 
the purpose. The first consisted of 19 tiers of half-wave 
horizontal radiators spaced half a wavelength apart 
between adjacent tiers, the top radiators being 10 wave¬ 
lengths above the earth; the second consisted of 64 hori¬ 
zontal half-wave radiators, arranged in 8 tiers one above 
the other spaced half a wavelength apart, the top tier 
being 4 wavelengths high; the third comprised 112 half¬ 
wavelength vertical radiators arranged in vertical lines 
of 7 radiators, the top of the uppermost radiators being 
4 wavelengths above the earth. The first aerial was 
designed fora wavelength of 16-11 m and was directed 
on New York; the second and third were designed for 
28-6 m and were directed on Sydney, Australia. Tests 
made on all three aerials gave no outstanding results. 
They served to demonstrate, however, that during the 
few days on which the tests were made there was no 
advantage in the particular low angle at which the 
maximum energy was emitted. 

In the tests outlined, inability to vary the angle of 
maximum radiation was a marked disadvantage, and to 
rernove this defect arrangements were made to build 
aerials that could be raised and lowered. This provided 
a ready means of varying the angles of radiation in the 
vertical plane. The purpose of Part 1 of this paper is 
to give an account of the experiments made by the author 
to ascertain the optimum angle of projection of a 
“ beam ” of radiation. 


Outline of Method. 

The general method of procedure was to raise step by 
step small arrays consisting of groups of half-wave 
radiators, and alternately to energize a fbced standard 
aerial and the raised aerial and measure the field strength 
at the distant receiving station. A large number of read¬ 
ings were taken of the resulting field strength for each 
position of the raised aerial. By this means it was 
possible to ascertain the ratio of the field strengths due 
to the fixed aerial and to the movable aerial for each 
height of the latter. By plotting curves (in a manner 

♦ See Bibliography, (1). 


to be explained in detail later in the paper) of the cal¬ 
culated ratio of the radiated fields emitted in directions 
making various angles with the vertical, and comparing 
with the ratio of the received fields, it was possible to 
form an opinion upon the best angle of propagation. 
To supplement the tests made by raising aerials, tests 
were also carried out-by comparing the received field 
strengths due to a number of horizontal aerials fixed at 
different heights above ground. The relative values of 
the received field strengths were then used to ascertain 
the angle of projection. The theoretical and practical 
aspects of the problems associated with both methods 
of test are dealt with in detail later in the paper. The 
majority of tests were conducted over a period of 1 year 
between the transmitting station situated at Rugby and 
receiving stations at Netcong and Holradel, U.S.A. 
Engineers of the American Telegraph and Telephone Co. 
and the Bell Telephone Laboratories made the receiving 
measurements. Tests were also made between Rugby 
and Teneriffe, and Rugby and Berlin, with the assistance 
of the Campania Telefonica National de Espana, and the 
Reichspostzentralamt. In most cases the tests were 
made during the period when daylight prevailed through¬ 
out the route, since during this period—as far as radio 
telephone services are concerned—the greatest volume 
of traffic is passed. This period is therefore of the most 
importance on economic grounds. Throughout the tests 
horizontal and vertical aerials were employed at the 
receiving stations. Horizontal aerials have the great 
adv^tage over vertical aerials that their radiation pro¬ 
perties are less dependent upon the earth constants. In 
all calculations of radiation characteristics, however, the 
measured Vtilues of the earth constants were used. 

CALCUL-moN OF Radiation-Characteristic Diagrams, 


The field strength due to a doublet l8l is the resultant 
of the direct field and the field reflected from the earth. 
The reflected field can be regarded as arising from an 
image of the doublet of strength {K — where 

K and are constants depending on the dielectric 
constant and conductivity of the earth and the angle of 
incidence of the reflected ray. Thus in Fig. 1 (a) the field 
due to the horizontal half-wave radiator and its image 
at a point P, whose distance r from the origin O is very 
great compared with the distance (2^) between object 
and image, is proportional to 


I cos (ItT cos 
r sin 6^ 


sin 


277 . 

(ot-\-hr-:^ sin cos 




sin sin 6^ cos^-arc tan 


where^^j is the angle between the direction of the radia¬ 
tion (i.e. the y axis) and the direction of the ray OP; 
p is the angle between the projection of OP on the 
zx plane and the % axis; A is the wavelength; 
cos (Itt cos 0j^)/sin is a factor arising from the assumed 
sinusoidal current distribution in the radiator; and 
cot ^Trft has the usual reference to frequency and 
time. If, instead of being a single horizontal half-wave 
radiator, the array consists of N similar radiators in a 
I row at equal distance above the earth and M such rows 
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separated by -I- wavelength and placed in a vertical plane 
(Fig. 16), the value of the resultant field is that due to 
a single radiator multiplied by the array factor;— 

sin co s 6j) _ sin {^ttM sin 6^ cos )3) 
sin (^TT cos 9j) IhxTjTTsin^TcoT^ 

Thus, since the height h of the elementary system of 
Fig. 1(<^) must now be replaced by the height 


48 • 5 to 5 • 3 at a frequency of 2 x 10'^ kiloc 3 ’’cles per sec., 
according to whether the soil is wet or dr 3 \ 

More recently, tests were made at the National Physical 
Laboratory on samples of soil taken from Rugby radio, 
station. The value of k was found to vary considerably, 
one sample of loam and clay with a moisture content of 
33 per cent having a value of 43 and another sample 
with a moisture content of 13 per cent having a 




6/ + -KM — l)A/2 of the array system, the complete 
expression for the amplitude of the field at a distant 
point becomes proportional to:— 


value of 21. The frequency used for these tests was 
10^ kilocycles per sec. Fortunately, considerable varia¬ 
tion in the dielectric constant is possible without there 



1 + K^.\.kI + 2(A2 cos 


/2h M 

Hi. + “ 


X 


2 

cos 


The values of K and Aj may be obtained from the 
expressions 


K 


K. 


di + cZ| — cos^ d 


d\-{-dz + cos^ 9 + 2^1 cos d’ 
2d^ cos 9 _. 


d\ + da + cos2'0 + 2di cos 9 

di = ■|{(/c — sin^ 9) + 
and 


4 


(/c __ sin2 9) + 9f + H<yV4)]}> 


the negative root being taken for the value of d^* 

Also cr = conductivity, in electrostatic units; / = fre¬ 
quency, in cycles per sec.; k — dielectric constant, and 
9 — angle: between the vertical axis and the direction 

OP. 

Regarding the value of k, Struttf gives 10 for fairly 
dry soil and 15 for soil after rain, at a frequency of 
2 X 10^ kilocycles per sec. Ratcliffe and White? give 

* See Bibliography, (13). f rtR, (3). t (4). 


— ^ sin ^3. cos ^ -f arc tan ^ J j 

{•| 7 r cos 9j) sin {^N cos 9i) ^ sin {^M sin 9^ cos )3) 

sin d-j^ sin {\;tt cos 9-^ sin (^tt sin 9^ cos jS) 

being any appreciable effect on the value of the field 
strength, and since the majority of the propagation tests 
to be described later were made under dry conditions 
the value k == 10 has been assumed in all calculations. 
Like the dielectric constant, the conductivity varies 
considerably with moisture content. For example, at 
a frequency of 10^ kilocycles per sec. the average value 
of the conductivity of the surface soil at Rugby to a 
depth of a little over 1 ft. varied from 7-4 x 10^ to 
1-25 X 10® electrostatic units as the average moisture 
content changed from 46 per cent to 17 • 6 per cent. The 
mean of these two values agrees well with the figure 
given by Barfield, who calculated from his tests by the 
tilt method that the Rugby soil had a conductivity of 
4*4 X TO® electrostatic units at a frequency of 8 450 kilo¬ 
cycles per sec. and 4-1 X 10® electrostatic units at 
12 700 kilocycles per sec. The moisture content of the 
earth was not measured during Barfield’s tests, but it is 
known that the soil was rather damper than when the 
majority of the propagation tests described later m this 
paper were made. Having regard to the weather con- 
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Angle to vertical, degrees 


Fig. 2.—Comparative field strength due to single horizontal 
radiator ^ wavelength above earth in vertical plane 
normal to radiator. 

-- = 10, ,t//= 20. 

—- K = 10, ir//= 6. 



Fig. 3.—Vertical polar diagram of horizontal 1-tier aerial in 
normal vertical plane. 

——.T Radiator 1 wavelength above earth. 

--" Radiator J wavelength above earth. 

—> - — Radiator i wavelength above earth. 



Fig. 4.— Vertical polar diagram of horizontal 2-tier aerial in normal vertical plane. (The sketch 
i on lefhrepresents horizontal radiators above earth.) 

Lowex radiator 1 wavelength above earth. 

—-Lower radiator f wavelength above earth. 

— ~ — Lower radiator J wavelength above earth. 
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ditions prevailing during these tests, the value cr// = 20 
has been assumed in all calculations. Since the fre¬ 
quencies used in the tests to be described varied between 
15 000 and 10 000 kilocycles per sec., the assumed value 


Ioni7.ed 

layer 

B 



of cr varied between 3 X 10® and 2 x 10® electrostatic 
units. "J’he extent to which the conductivity affects 
radiation is illustrated in Fig. 2, which gives the com- 
parcitive field in the vertical plane normal to the hori- 


Method of Computing Angle of Projection of 

Beam. 

Assuming that the distant received signal is the result 
of energy propagated along one path only, e.g. the path 
OABC of Fig. 6, then, as the test aerial is raised, the 
received field in the ideal case should vary in intensity 
proportionally to the amplitude of the field emitted along 
the favoured direction. Suppose, for instance, that the 
received ray leaves the transmitting end in a direction 
making an angle of 80° with the vertical. If now a 
curve is plotted giving the comparative calculated 
amplitude of the field along tins direction as the aerial 
is raised, the received field strengths should also vary 
in the manner indicated by the curve. Curves of this 
type, calculated from equation (1), have been plotted in 
Figs. 7 and 8 for different angles to the vertical. Fig. 7 
refers to an aerial comprising two tiers of horizontal 
radiators arranged one above the other, the cuiTeiit in 
the radiators being equal, whilst Fig. 8 refers to a similar 
type of aerial having three tiers instead of two, the 




Fig. 7. 

Culclated strength of fields due to aerial (B) at variou^aagte 

.Strensth of field measured 7 th Sth^Wth and llth June. 1932, 1400-1900 G.M.T. 

Strenith of field measured at Netcong U.S A bp^ween Jth, StMOth, and^ 

.ISth of field S=d S Sa mil: bSn 1st Sd 22nd Ma^; 1932’, 1300-1G00 G.M.T. 


zontal radiator situated | wavelength above earth It 
will be seen that, particularly at high angles of incidence 
(with which this investigation is chiefly concerned), 
changing o-// from 20 to 5 does not greatly affect the value 


of the field strength. _ ^ 

From equation (1), the comparative values of field 
strength at points equidistant from the aenals in ^ 
principal vertical plane have been calculated. T1 
resultant polar diagrams are typified in Figs. 3,^4, an , 
which show the vertical radiation characteristics of 
2-, and 3-tier aerials having the same span raised f 
or 1 wavelength above earth. 


a 


separation between tiers being ^ wavelength in both 
cases Xhe vertical ordinates in all cases are given in 
terms of the field due to a single-tier aerial, fixed half a 
wavelength above the earth, and having the same power 
input as the 2- and 3-tier aerials. Comparison at short 
intervals with the field from some form of standard 
aerial is usually essential in long-distance field measme- 
ments, owing to the great variability of short-wave field 
strengths. In the ideal case, the curate of the received 
field-strength values should coincide with one of the 
family of curves of which examples are shown m Figs. 7 
and S. In the second method of test, usually three 
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aerials of the 2'tier horizontal-radiator type were em¬ 
ployed. These were fixed so that their lower members 
were respectively and Ij wavelengths above the 

earth. By means of a rotary change-over switch, change- 
overs from one aerial to the other were made every few 
minutes over periods of several hours. Using the 
■|-wavelength high aerial as a standard, by comparing 
the ratios of the received signals with the calculated 
ratios for various angles of propagation, (plotted in 
Fig. 9) it should be possible to deduce the actual angle 
of propagation. 

In both methods of test, however, the following two 
factors may operate to produce disagreement between 
the actual and the ideal. (1) The calculated vertical 


A 2-tier type of aerial was raised in J-wavelength 
steps from the height of J wavelength to that of 2 wave¬ 
lengths above earth. A single dipole with vertical twin 
open-wire feeders was fixed 1 300 ft. away at a height 
of 230 ft. Thus the angle of incidence of the received 
wave was approximately 80°. A field-measuring set of 
a t 3 rpe described later in this paper was fixed a few feet 
above the earth and connected to the twin feeder. By 
this means the relative values of the field were obtained 
as the transmitting aerial was raised. 

The values of the field strength to be expected at the 
receiving dipole were calculated, due allowance being 
made for the difference in distance of the two trans- 
mitting-aerial radiators, and their images from the 
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Height above earth of lower dipole,wavelengths (7v=20-7in) 


Fig. 8. 

-Calculated strength of field due to array (C), at various angles to vertical. 

— — — Strength of field measured at Netoong, U.S.A., betweeu 21st and 22ild January, 19S2, 1300-1600 G.M.T. 
All values are relative to those due to the fixed standard aerial and are based on equal power input. 


polar diagram and the actual polar diagram may not be 
similar. (2) The received field may be the resultant of 
energy projected at two or more angles of elevation and 
propagated along two or more paths. 

With regard to (1), field-strength tests from aeroplanes 
flying above aerials have been made in America, England, 
and Germany. Probably the most thorough and con¬ 
vincing of these tests are those conducted in Germany 
by Baumler* and others. The investigators showed that 
there was a close agreement between the shapes of the 
calculated and of the measured vertical polar diagrams. 

Tests were also devised by the author to provide a 
check upon the accuracy of the calculations of the 
vertical characteristics of the aerials, using horizontal- 
type radiators. 

* See Bibliography, (5). 


receiving aerial. These are plotted in Fig. 10, in which 
the measured values have also been inserted. 

The first fact of note is that the measured values lie 
very close to a smooth curve, which would certainly not 
be the case if appreciable reflections from masts, stays, 
and other objects, were obtained. The second fact is 
that whilst the aerial was being raised from 0’125 to 
1*25 wavelengths high, the measured and calculated 
results were in almost entire agreement. The agreement 
was. not so good for the greater heights of aerial. This 
discrepancy, however, is not such as to afiect appre¬ 
ciably the deductions made in this paper. 

A second check upon the accuracy of the calculated 
and measured vertical polar diagrams was made by 
comparing the fields due to a 2-tier aerial placed ^ wave¬ 
length above earth and a 1-tier aerial fixed at the same 
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height. Reception was made in a manner similar to that 
already described for the previous test. The results of 
several observations showed the ratio of the two fields 
to be very constant and the agreement between the cal¬ 
culated and the measured ratios to be remarkably close. 
When the measured values had been corrected for the 
same antinodal current in all radiators, the measured 
ratio of the field strengths due to the two aerials was 
1'8 ; 1, whilst the calculated value was 1’81 :1. 

All the evidence points, therefore, to reasonable agree¬ 
ment between the calculated and measured values of 
the vertical polar characteristic of horizontal radiators. 

With regard to the second possible source of error, 
namely that due to the propagation of the energy by 


By expanding the cosine terms, the value of this 
expression is obtained in the following form;— 


9.4 


V 

€“€1 
-{- €“ 


3-5 eAf \ 

210 • (e2 ^ 


V(e2 + e\) (l - 

= + e!) 

Thus when the relative values of e and are 2:1, 
i.e. when the maximum to minimum ratio is given by 

€ -r gj ^ 

e — e, 1 


fcorresnonding to 9‘0 decibels), the measured strength 



more tliMl one path, it is necessary to remember that 
even though there may be 

relative pha-sing of the received helds will constan y 
changing. Since only a slight variation in ihe lengto of 
any one path is needed for a complete reversal of phase, 
Taverage of a considerable number of = 

could be expected to o t.lds ha^g 

dimensions. Consider, for example, measur- 

amplitudes e and e, at the input o e r in 

tag set. Assume that, owing to a SrenS 

length of the path, there is a variable ““““ 

oi/between the fields. The average amphtude of t 
resulting field is 

JL el-j-2€e^cos cojt)dt 

*'wit=0 


of the combined fields wHl be 11 • 8 per cent (1*5 decibels) 
more than that of the greater single field. In the worst 
case, i.e. when the two fields have equal amplitude, the 
strength of the combined fields is 41 per cent (3 decibels) 
more than that of the greater single field. This condition 
assumes a ratio of maximum to minimum signals equal 
to infinity, a condition not experienced during the tests. 

In the foregoing discussion the value of the frequency 
f in the term co.t = 27 rfjt has been assumed to be con¬ 
stant Even with haphazard fading, however, there is 
a strong probability that the received field strength, 
averaged over a considerable period so as to include a 
large number of fades, gives a reasonably accurate 
measure of the greatest of the two or more components. 
To test this matter, arrangements were made with the 
engineers of the Bell Telephone Laboratories to measure 
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the downcoming angles at the same time as the field- 
strength measurements of the Rugby emissions were 
mad'e. 

The tests were carried out by measuring the field 
strength simultaneously on two receivers, one being 
connected to a horizontal dipole J wavelength above the 


tween Rugby and Holmdel usiug transmitting aerials 
giving rise to beams of varying concentration having 
their maximum radiation at various angles of elevation, 
showed that the ratios of the received fields corresponded 
to that portion of the energy projected at a definite 
angle of elevation. The evidence that the measured 
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Fig, 10.— ^Received field strength at 80“ to vertical from " B *’ aerial at various heights above earth. 

.— ■■■ ' Calculated, value. 

Measured value. 


earth and the other to a similar dipole 1 wavelength 
high. From the ratio of the readings .on the two 
receivers, the downcoming angle could be deduced by 
making use of the vertical radiation characteristics of 
the aerials. The average downcoming angle measured 
over a period of a few minutes remained reasonably con¬ 
stant. Separate tests were also made by sending out 
from Rugby pulses of energy of 1/10 000 sec. duration 


field strength averaged over a period of several minutes 
gives a reasonably accurate value of the predominant 
component therefore seems to be satisfactory. 

Apparatus. 

Tmnsmitiers. 

{a) Fixed .—Throughout the tests the transmitters 
us'ed for the overseas telephone service were employed. 



60 times per sec. and observing the result at Holmdel 
on a cathode-ray oscillograph. 

Although the oscillograph record showed that several 
rays were arriving with different time-lags and therefore 
by difierent paths, the signal received by one path was 
frequently appreciably stronger than the signals received 
by other paths. 

Furthermore, a large number of tests made be- 


Frequency coiatrol was by means of a quartz crystal 
fixed in a temperature-controlled oven. The frequency 
constancy was remarkably good, the variation being less 
than T; 60 cycles per sec. in a million. The final out¬ 
put circuit comprised four water-cooled valves which 
delivered about 12-15 kW into the transmission lines, 
of which approximately 75 per cent was fed into the 
aerials. 
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(&) Portable .—For the purpose of carrying out certain 
tests on transmission lines which are mentioned later in 
the paper, and in order to line up the test aerials correctly 
(i.e. to match the array correctly to the impedance of the 



(A) 1 tier (B) 2 tiers tC) 3 tiers 


Fig. 12. 

feeding lines), a small portable transmitter capable of 
giving an output of about 26 watts and a range of wave¬ 
lengths from 10 to 60 m was built. 

The set comprised two full-wave rectifying valves in 


of horizontal tiers and a number to denote the vertical 
height of the lower member above the ground. For 
example, and B1 refer respectively to aerials consist¬ 
ing of one horizontal tier, located wavelength above 
earth; and two horizontal tiers, the lower tier being 
1 wavelength above earth. Similarly H|- refers to an 
aerial having 8 tiers—H being the eighth letter of the 
alphabet—the lowest tier being wavelength, above 
earth. 

In the first tests the [movable aerials were suspended 
between two lattice-steel towers 180 ft. high, spaced about 
600 ft. apart. The method of suspension is shown in 
Fig. 13, Later, when greater heights were required, cables 
were attached to steel masts 820 ft. high and the aerials 
were raised by means of hemp ropes passing over pulleys 
attached to these cables. Care was taken to break up 
the cables by compression insulator^, so that no section 
of any cable was a multiple or sub-multiple of a wave¬ 
length. All feeders to the aerials consisted of a pair of 



Fig. 13.—Experimental half-wave aerial. 


parallel giving a d.c. output of 0*24 amp. at 400 volts, 
two oscillator valves in push-pull, and two amplifying 
valves in push-pull. The whole transmitter was built 
into a 3-compartment aluminium box 4 ft. X 1 ft. 4 in, 
X 1ft. 4 in., and could be carried by two men. A 
diagram of connections is given in Fig. 11. 

Aerials. 

The types of aerials used during the tests are shown 
in Fig. 12. To avoid uimecessary repetition, the aerials 
will be referred to by a capital letter to denote the number 


copper wires, 400 lb. to the mile, run on porcelain insu¬ 
lators fixed on wooden poles about 18 ft. above earth. 
The separation between wires was 9 inches, thus giving a 
surge impedance of 660 Q. 

Ammeters. 

High-frequency ammeters of the thermo-couple t 3 pe 
were used to measure current in radiators and feeders. 
These were clamped on the wire, thus making a shunt 
circuit. All ammeters were calibrated by placing a similar 
high-frequency ammeter, used as a standard, in series 
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I 


with the line wire. A drawing of the ammeter and 
clamp is given in Fig. 14. 


Field-Strength Measuring Sets and Aerials. 
The measurements of the received fields were made by 
the expert staffs of the American, German, and Spanish 



Fig. 14,—^Thermo-ammeter and clip. 


authorities, and the methods used were of course quite 
outside the control of the author. Only a brief reference 
to the type of set and the method of measurement 
employed will therefore be made. 

The American observers utilized the type of measuring 


voltage is measured by a valve voltmeter. For a few 
of the measurements the readings were taken by observ¬ 
ers, but in the majority of cases an automatic recorder 
of a modified Leeds and Northrup* type was employed. 
The recorder gives a record of the voltage transferred from 
the receiving aerial and integrates this voltage over a 
period of 10 sec. The receiving aerial used for a few of 
the earlier measurements was a single half-wave vertical 
dipole, but in later measurements two horizontal dipoles 
located 1 wavelength and J wavelength above the earth 
respectively w^ere used. Each aerial was connected to a 
separate set to enable the downcoming angle to be 
ascertained at the same time as the angle of projection 
at Rugby was observed. 

The German measurements of field strength were 
made by comparing the rectified output of the receiver 
when connected to a vertical aerial 4 m long, with the 
output due to a local oscillator. In effect, the set was a 
valve voltmeter which gave a continuous record on an 
automatic recorder. The set was calibrated in terms of 
the current in the local oscillator circuit. 

At Teneriffe the receiver was a Standard Telephones 
and Cables superheterod 3 me t 3 q)e, similar to that used 
for the American measurements, attenuation being 
introduced in one of the stages of the intermediate- 
frequency amplifier. The aerial consisted of a hori¬ 
zontal dipole fixed ^ wavelength above the earth, 

A portable field-strength measuring set was used at 
Rugby for local measurements on field intensity due to 
transmitting aerials. The circuit diagram is given in 
Fig. 15, from which it will be seen that two valves in 
push-pull are fed from a tuned circuit. The grid bias is 
such that an increase in the signal voltage on the grids 
of the two valves causes the anode current to increase, 
giving rise to a larger voltage-drop across the 100 000-ohm 
resistance in the anode battery circuit. The anode 
voltage thus decreases, and hence the negative bias on 


27 V 



Screen 

Fig. 15.—Sensitive field-strength measuring set. Range 0-0 ■ 5 volt. 


set already described by Friis and Bruce.* The appa- the grid of the second-stage valve increases, causing its 
ratus employs the principle of double detection and anode current to diminish. This decrease is registered 

has a calibrated intermediate-frequency attenuator and on the milliammeter. Increased sensitivity is obtained 

a local-signal comparison oscillator. The comparison by “ backing off ” the milliammeter by means of the 
* See Bibliography, (6). * See Bibliography, (7). 
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filament battery. The whole set is contained in a 
screened box 11 in. x 11 in. x 9 in. approximately, and 
leads are taken through a short metal tube to a dipole 
which can be rotated in a vertical plane. The calibration 
curve oi‘ the set is shown in Fig. 16. 



Fig. 16.—Calibration curve of sensitive 2-stage field-strength 

measuring set. 


Tksts. 

For convenience, the tests are divided into two groups. 
In the first the field due to a fixed standard aerial was 
compared with the field due to an aerial raised to various 
heights, whilst in the second the fields due to several 
fixed aerials arranged at difierent heights were compared. 
The advantage of the movable-aerial method of test 

Table 1, 

Schedule of Tests fov 21si{ and ''12nd May, 1932. 

Call sign GBW; wavelength 20-78 m; tests extended 
from 1400 to 1858 G.M.T. on Saturday, 21.5.32, and 
continued throughout the corresponding period on 
Sunday, 22.5.32. 


Time (G.M.T.) 

Remarks 

Saturday. 

* 

1400-1410 

Tone and call sign on aerial A-|- 

1415-1423 

Cax-rier on aerial Al- 

1425-1433 

Carrier on aerial 

1435-1443 

Carrier on aerial A^- 

1445-1453 

Carrier on aerial B- 4 ; 

1455-1503 

Carrier on aerial A^ 

1605-1513 

Carrier on aerial B| 

1630-1628 

Tests on A|- and B-l, as above 

1646-1743 

Tests on a| and Bf, as above 

1800-1858 

Tests on a| and Bl, as above 

Sunday. 

Tests as on Saturday, aerials A|-, BI- 4 -, 
Bli Bl-|, B2 


lies in the fact that it permits a continuous curve of 
received field strength against transmitting-aerial height 
to be plotted, and this enables a comparison to be made 
with the theoretical plotted curves as regards both shape 
and amplitude. Other points of interest are dwelt upon 
in the discussion on the results of the tests. 

VOL. 74. 


In the first series of tests the fixed standard aerial was 
a horizontal dipole consisting of one tier of two half-wave 
radiators, wavelength above the earth (A^-). The 
movable aerial was either a similar dipole or a com¬ 
bination of two or three similar tiers with -|-wavelength 

Table 2. 


Schedule of Tests for nth September, 1932. 
Call sign GBW; wavelength 20-78 m. 


Time (G.M.T.) 

Remarks 

1355-1400 

Tone and call sign on aerial B-| 

1400-1404 

Carrier on Bi 

1405-1409 

Carrier on B| 

1410-1414 

Carrier on Bj 

1415-1419 

Carrier on Bi^ 

1420-1424 

Carrier on B| 

1425-1429 

Carrier on Blj 


Tests continued as above until 1559 G.M.T. 


separation between adjacent tiers (B and C). Each test 
was begun by signalling the call sign on tone and then 
alternately transmitting on carrier for a few minutes at 
a time on the fixed and the movable aerials. Change- 
overs from one aerial to the other were made during a 
period of 1 hour, after which the movable aerial was. 
raised to the next position and the procedure repeated. 
A typical schedule of tests is given in Table 1. 

In the second group of tests three similar 2 -tier aerials 
were fixed at difierent heights above the earth and 
change-overs from one aerial to another were made at 
short intervals. A typical schedule of this type of test 
is given in Table 2, 

During the course of the second group of tests a few 
observations were also made by alternately energizing a 

Table 3. 

Schedule of Test for 12th October, 1932. 


Call sign GBW; wavelength 20-78 m. 


Time (G.M.T.) 

Remarks 

1355-1400 

Tone and call sign on Bl 

1400-1404 

Carrier on Bl 

1406-1409 

Pulses on Bl 

1410-1414 

Pulses on Hi 

1415-1419 

Carrier on H| 

1420-1424 

Carrier on Bl 


And so on until 1700 G.M.T. 


2-tier (B|) and an 8 -tier (H|) aerial and comparing the 
field strengths at Holmdel. 

During some of the tests in both groups the carrier 
was emitted in pulses of about 1/10 000 sec. duration, 
50 times per sec., and the resulting pattern was examined 
at Holmdel on a cathode-ray tube, the object being to 

36 
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ascertain to what extent the pattern of the received field 
was modified by aerials having different vertical charac¬ 
teristics. The procedure was to interpose plain carrier 
field-strength tests with pulse transmission in the raanner 
shown in the following typical schedule (Table 3). 

During the test periods the input to the aerials was 
maintained as steady as possible, and normally the 
variation was less than ±10 per cent from the average. 
At intervals of a few minutes, readings of the current in 
the transmission lines close to the aerial were taken. 

The ammeters were located at points of maximum and 
minimum cuiTent value separated by wavelength. It 
has already been shown by the author* that the power 
input to an aerial can be obtained by multiplying these 
twm values of current by the line surge-impedance. 

Before the propagation tests were undertaken, simul¬ 
taneous measurements were also made of the current at 
the middle of each half-wave radiator and of the input 
from the feeder lines. By this means it was i^ossible to 

Table 4. 


Current Values in Radiators of H|- array. 


No. of tier 

Current value at middle of:— 

Average current 
in both 
radiators 

Left radiator 

Right radiator 


amps. 

amps. 

amps. 

1 (top) 

3-6 

3-6 

3-60 

2 

3-9 

3-3 

3-60 

3 

3-6 

3-6 

3-60 

4 

3*6 

3-1 

! 3-36 

5 

3-8 

3-6 

3-70 

6 

3-7 

3-1 

3-40 

7 

3-6 

3-6 

3-60 

8 

3-9 

3-4 

3*66 


make corrections for the aerial-current variation from 
observations of the feeder line current. 

The calculation of the vertical characteristics of each 
test aerial was made on the assumption of equal currents 
in its radiators. By careful construction and by exact 
adjustment of the length of the radiators, a reasonably 
even distribution of cui-rents was obtained. The extent 
to which equality of currents was possible is shown in 
Table 4, which indicates that the variation from the 
average value was not more than ± 6 per cent. Tests 
on the B type of aerial, placed at vairying heights above 
the earth, showed variations of the same order of 
magnitude. 

Results of American Tests. 

The i-esults of these tests are given in the curves of 
Figs. 7 and 8. In Fig. 7 the actual fields measured in 
Netcong and Holmdel as the test aerial (B) was raised 
are given as a ratio of the field due to the standard 
fixed aerial (A|-). The full-line numbered, curves give 
the calculated ratio of the fields due to rays leaving the 
aerials at various angles to the vertical. A curve has also 
been plotted giving the calculated angle of maximum 

* See Bibliography, (8). 


radiation from the primary loop due to the (B) aerial, 
as the aerial is raised. 

Examination of the curves shows that, for heights of 
aerial (B) greater than about wavelength, the measured 
curves follow the 80° calculated curve fairly closely. 
One marked divergence occurred on the 21st May, when 

Table 5. 

Tests between Rugby and Holmdel, U.S.A., 13th and 
lUh August, 1932. 


Call sign GBW; wavelength 20-78 m. 


Series 
No. of 
tests 

Period of tests 
(G.M.T.) 

Trans¬ 

mitting 

aerial 

Gain 
over Bi 
(averages 
during 
8-min. 
periods) 

Angle to 
vertical, 
deduced from 
Fig. 9 

Average 
angle to 
vertical 


\3thAug., 1932 


decibels 

• degrees 

degrees 


( 

B-i 

— 1-5 

71-5 


1 

1204-1240 4 

Bf 

-0-4 

72-5 

i 74-6 



Bli 

±2-5 

79-5 




B-i 

-2-3 

75-5 


2 

1244^1320 } 

Bf 

-2-3 

77-0 

[ 77-2 



Bl-l: 

±2-34 

79-0 




Bi 

-2-3 

75-5 


3 

1324-1400 \ 

Bf 

±2-0 

81-0 

i 78-8 



BIJ 

±4-8 

83-0 




Bf 

-2-0 

73-5 


4 

1404-1440 J 

Bf 

±0-5 

76-0 

1 75-0 


- 

Blf 

-0‘75 

76-5 

- 





Average of 






all angles 

= 76-5 


imAug., 1932 







Bf 




5 

1204-1240 i 

Bf 

-3-6 


1 72-2 



mm 

±2-72 






-3-1 



6 

1244-1320 

Bf 

-1*1 

77-0 

1 80-2 



Blf 

±4-4 

82-5 




Bf 


67-0 

< 

7 

1324-1400 ■] 

Bf 

± 1 • 7 

79-5 

75-3 



Blf 

±2-6 

79-6 




Bf 

-3-2 

83-5 


8 

1404-1440 i 
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aerial (B) was 1 wavelength high. At this point, a large 
increase was registered during a period when fades were 
rapid, rendering exact computation of signal strength 
rather difficult. It is significant, however, that the rise 
occurred when the calculated angle of maximum radia¬ 
tion from the aerial was 80° to the vertical. In Fig. 8 
curves have been plotted for the case of the 3-tier (C) 
aerial. Here again the measured values are close to the 
80° curve. 
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In the second series of tests 2-tier aerials (B) were 
erected, having their lower radiators |-, or 1J wave- 



Fig. 17,—20 • 7-metre tests, Rugby-Netcong. Variation from 
average of individual angle measurements from Decem¬ 
ber, 1931, to December, 1932, Average angle = 78*9®. 

lengths above the earth. Curves were drawn (Fig. 9) 
giving the gain due to Bj, Bf, and Bl|, over B|. Thus, 
by associating the measured values of field strength with 


the curves, it was possible to deduce the angle of pro¬ 
jection. The method is explained in Table 5. 

The tests made on the 13th and 14th August were 
divided into 8 series, each requiring 36 minutes to com- 
pare Bj, Bf, and Blf, with B|. In the fourth column 
of Table 5 the gain in received field strength due to the 
various aerials in comparison with B|- is given. The 
fifth column shows the angle of emission deduced from 
the curves of Fig. 9. The average angle deduced from 
the various aerials varies slightly, being 75 •4“ for Bf, 
75-6° for Bf, and 80-1“ for Blf. 

The agreement between the average readings is con¬ 
sidered to be good. The tests were repeated on several 
occasions throughout the year, but the aerial Bf ■was not 
used. The results of the tests on the angle of projection 
made through the period December, 1931, to December, 
1932, are given in Fig. 17. The curve is based upon 
many hundreds of measurements made on 10 days spaced 
throughout the year. They show that not more than 
32 per cent of the measurements of the angle of pro¬ 
jection differed by more than ±2° from the average 
value (78*9°). 

The evidence provided by the tests on both the mov¬ 
able and the fixed aerials seemed to indicate clearly 
that an angle of projection equal to about 79° was the 
best for propagation purposes. It was therefore decided 
to construct a 2-tier aerial with its lower member fixed 
1 wavelength above the earth and to build an exactly 
similar aerial capable of being raised several wavelengths. 
The fixed aerial has its direction of maximum radiation 
at about 80° to the vertical, and it was therefore antici- 
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pated from the evidence of the previous tests that the 
similar movable aerial would not give rise to equal field 
strengths except when its direction of maximum radia¬ 
tion coincided with that due to the fixed aerial. 

The results of the tests of these aerials, given in Fig. 18, 
show that the anticipations were realized to a consider¬ 
able extent. After the necessary corrections had been 


heights of 1 wavelength and 1J wavelengths the coi'rected 
measured curve would almost coincide with the calculated 
78° curve. Again, when the aerial was raised from 2f to 
3:| wavelengths the measured curve lay between the 78° 
and 80° calculated curves. Furthermore, maximum and 
equal values of field were recorded when the aerials were 
1 wavelength and Si' wavelengths high. The curves in 



Fig. 19.—^Vertical polar diagram of field strength for the 8-tier aerial shown on left 
(the dots represent horizontal radiators above earth). 


made, however, it was found that although the measured 
field due to the movable aerial never exceeded that due 
to the fixed aerial, the curve of received field strength did 
not coincide with the calculated curve for any particular 
angle at all stages in the hoisting. Several interesting 
deductions are possible from an examination of the 
received and calculated curves. The first point is that 
when the movable and fixed aerials were of the same 
height, namely 1 wavelength, the measured fields differed 
very slightly, thus forming a good check on the accuracy 



Fig. 20.— Intensity of field in vertical plane due to aerial of 

type shown (H^). 

— —. — Measured 10th October, 1932, at various heights up a vertical steel 
mast, separated from the aerial a horizontal distance of 2 200 ft. 

— — — ■ Calculated on assumption, of perfect earth. 

of both the transmitting and the receiving measurements. 
The calculated curves for angles of 80° to 85° when the 
aerial positions are low, are very close together. Thus 
the fact that the measured curve appears to follow closely 
the 85° curve when the aerial is between I and 1 wave¬ 
length high cannot be regarded as evidence that this 
value represents the angle of projection of the received 
ray. Moreover, if the slight discrepancy between the 
measured fields when both the aerials were 1 wavelength 
high had been remedied, the measured wave would then 
have almost coincided with the 80° curve as the aerial 
was raised from | to 1 wavelength. Between the 


Fig. 18 giving the angles of maximum radiation of the 
primary and secondary lobes as the aerials are raised show 
that, at these heights, maxima occurred at 80° and 78° 
respectively. So far the argument in favour of angles 
of projection of 78° to 80° seems strong. 

Whilst the aerial is being raised between If and 21- 
wavelengths, however, the divergence of the measured 
curve from the 78° or 80° curves appears at first sight 
to be very marked. Further consideration shows that 
only a slight change in angle during this stage was 

Table 6. 

Tests between Rugby and Holmdel, U.S.A., 12th October, 

1932. 


Call sign GBW; wavelength 20-78 m. 


Period of tests 

Gain due to over B1 

aerial, corrected for equal 
po-wer input 

Average angle of projection 
to vertical, deduced from 
Fig. 21 

G.M.T. 

decibels 

degrees 

1420-1438 

-1- 1-4 

82-0 

1440-1458 

- 0-2 

81-6 

1600-1618 

+ 4-9 

83-6 

1620-1638 

- 1-3 

81-1 

1540-1558 

- 1-0 

81-2 

1600-1618 

d- 2-0 

82-3 

1620-1638 

-f 2-4 

82-5 

1640-1658 

-f F5 

82-0 


Mean -|- 1-2 

Mean 82-0 


needed to produce a large increase in comparative field 
strength. The angles deduced from the curves whilst 
the aerials were raised from If to 2| wavelengths in 
|-wavelength steps were 80°, 75'6°, 77°, and 79° respec¬ 
tively, giving an average of 78°. The outstanding fact 
is that when both the primary and the secondary lobes 
of radiation had their directions of maximum value 
pointing at 78° to 80°, the resulting fields were a 
maximum. 

In order to prove beyond doubt that energy radiated 
at very high angles to the vertical did not result in a 
large increase in gain at the receiving station, an 8-tier 
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aerial (H-|) was erected having its lowest member 
I wavelength above earth. The calculated polar dia¬ 
gram in a vertical plane is shown in Fig. 19. In order 
to obtain some idea of the actual polar diagram, a field¬ 
measuring set was taken up an 820ft. mast situated 
32 wavelengths away from the aerial. It was realized 
that the measurements could only yield very approxi¬ 
mate results since the effect of reflections from the steel¬ 
work was bound to modify the fields seriously. It was 
thought, however, that the tests might confirm the 
theoretical deductions that a concentrated lobe of energy 
was radiated at angles a few degrees from 90° to the 
vertical. The results supported this anticipation. The 
set was allowed to rest on a horizontal bracing and the 
receiving dipoles protruded a few inches from the side of 
the mast. Readings were taken at intervals of several 
feet as the set was canded up the mast. The resulting 
diagram, together with the theoretical diagram calculated 
for a separation of 32 wavelengths between aerial and 
mast, is given in Fig. 20. Having regard to the condi¬ 
tions under which the tests were made the agreement is 
as good as could be expected. Reception tests were made 
with America on several days, and a typical schedule of 
the results is shown in Table 6. 

The average gain of the aerial over the B1 aerial 
was 1 • 2 decibels when the input was corrected for equal 
power, and thus the angle of projection as deduced from 
Fig. 21 was 82°. Similar values for a test made on the 
26th August, 1932, were —1-6 decibels and 81°. Pulse 
tests were also made alternately on B1 and aerials 
over a period of several hours with the object of ascer¬ 
taining whether appreciable difference in the observed 
patterns would be obtained. The result in all cases was 



radiated. 

practically the same, namely that no great difference in 
the pattern formed on the oscillograph was discernible 
when different types of transmitting aerials were used. 

In November, 1932, a few tests were made using wave¬ 
lengths of 20-78 m and 30-645 m, alternately changing 
from one wavelength to the other and using similar 


types of B aerials, fixed respectively at J and Ij wave¬ 
lengths above the earth. It was found that very little 
difference existed between the angles of projection in the 
two cases. The actual results obtained are shown in 
Table 7. 

Table 7. 

Tests between Rugby and Holmdel, U.S.A.. 10th November, 

1932. 


Call signs GBW and GCW; wavelengths 20*78 and 

30-645 m. 


Period of tests 

Wavelength 

Projected average angle 
to the vertical 

G.M.T. 

metres 

degrees 

1200-1258 

20-78 

81-0 

1310-1348 

30 - 645 

75-3 

1420-1458 

20-78 

74-0 

1530-1608 

30-645 

75-8 


Similar tests between the same hours were also made 
on the 5th January, 1933. The average angles of pro¬ 
jection on this date were 78° for the 20-7S-metre wave 
and 77 • 5° for the 30 • 645-metre wave. 


Results of Teneriffe Tests. 

Tests between Rugby and Teneriffe were made from 
the 19th to the 26th May, 1932, and on the 11th and the 
18th December, 1932. 

In the first tests made between Teneriffe and Rugby 
on 20-78 m, single-tier (A) t^-pes of horizontal aerials 
were used, one being fixed at J wavelength above the 
earth and the second being hoisted in I—wavelength 
stages from J to 1 wavelength above the earth. Owing 
to the needs of commercial traffic it was only possible 
to test between the hours of 0615 and 0830 G.M.T., 
and in consequence it required 5 days to complete a 
series of tests. Furthermore, during a part of the 
tests weak fields and considerable fading were experi¬ 
enced. The results, which , are shown in Fig. 22, can 
therefore be only treated qualitatively, but they serve 
to illustrate the fact that there was a definite angle of 
projection of the energy that gave the highest field 
strength in Tenerifie. This angle was 71° to the vertical 
during the particular period of the tests, namely the 
19th to the 26th May, 1932. 

The tests on the 11th December, 1932, were conducted 
from 1330 to 1800 G.M.T., and those on the 18th Decem¬ 
ber, 1932, took place between 1030 and 1610 G.M.T. The 
tests on the 11th December were ineffective after 1630 
G.M.T., and the last part of the tests was therefore 
repeated on the 18th. During these tests the B type 
of aerial was used, the standard aerial being fixed with 
its lower member \ wavelength above the earth. The 
movable aerial was raised in J-wavelength stages to a 
height of 31 wavelengths above the earth, measured from 
the lower radiators. The shape of the curve of field 
strength shown in Fig. 23 is very similar to that obtained 
in May, except that the large increase in intensity was 
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Height of aerial above earth, wavelengths 

Fig. 22. 


A. Field strength measured in Teneriffe_, I9th to 2Cth May, 1932. 

B. Calculated angle to the vertical of direction of maximum radiation. The following values were used in the calculations: 

K = 10, <r//= 20, A = 20-7 m. 



Fig. 23. 

A. Field strength measured at Teneriffe_, 11th and 18th December, 1932. 

B. Calculated angle to vertical of direction of maximum radiation. 
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noticed when the angle to the vertical of the axis of the 
primary lobe of radiation was 85 • 5°. The significance 
of this result is discussed later in the paper. 

Results of German Tests. 

The first tests to Germany were conducted in July, 
1932, on a wavelength of 20-78 m. No definite con¬ 
clusion could be drawn from the results of these tests. 
Violent fluctuations of field strength were experienced, 
and it was quite obvious that the wavelength used was 
not suitable for transmission over the comparatively 
short path to Berlin from Rugby. The second series of 
tests—on the 23rd and 24th July, 1932—was therefore 
made on a higher wavelength, 30 • 645 m. 


smallest of the three maxima would have been obtained 
at an angle of 82°. This matter is referred to later, in 
the general discussion on the results of the whole of the 
tests. 

The third of the series of tests was made on a wave¬ 
length of 30-645 m on the 7th November, 1932, between 
1200 and 1800 G.M.T., using a 2-tier (B) tj^pe of aerial 
raised from wavelength to 2|- wavelengths above the 
earth. Thus a beam varying from a high angle of 
elevation to a low angle was projected. Unfortunately 
reception conditions were not very favourable, chiefly 
owing to interference from another station, but the tests 
showed quite definitely that the highest field strength 
was obtained when the lower radiator was wavelength 



Fig. 24. 

I. strength of field measured at Berlin, 23rd and 24th July, 1932, from 0800 to 1400 G.M.T., due to aerial shown at A. 
if. Angle to vertical of maximum radiation of primary loop. 

III. Calculated strength of field due to aerial shown at A, at 85° to vertical. 

IV. ' Calculated strength of field due to aerial shown at A, at 82° to vertical. 


A single-tier (A) aerial was raised in i-wavelength 
steps from i to 1-J- wavelengths high, and the resulting 
field strengths were compared with the field due to a 
similar aerial fixed wavelength high. As before, the 
tests were conducted^ during the daylight period between 
the hours of 0800 and 1400 G.M.T. The results have 
been plotted in Fig. 24, where the curve showing the 
direction of maximum emitted radiation as the aerial 
was raised has also been drawn. It is at once apparent 
that the shape of the curve is very different from that 
obtained in either the American or the Teneriffe trials. 
Three maxima were obtained, two corresponding to 
angles of projection of the primary lobe of 60° and 74 
to the vertical respectively. As the field was still rising 
when the aerial had reached the maximum height possible 
during these tests, the exact value of the third maxi¬ 
mum and the corresponding angle of projection caxmot 
definitely be stated. It is possible, however, that a 
maximum value of field equal to about 2-5 times the 


above the earth, i.e. when the maximum energy was 
radiated at an angle of 74° to the vertical. 

Discussion on the Results of the Tests. 

The propagation tests to America, Tenerifih, and 
Germany, were made primarily with the practical object 
of ascertaining whether particular angles of projection of 
a beam of energy resulted in improved field-strength 
values at the distant receiving station. This knowledge 
was required to enable the author to design arrays 
giving the maximum field strength per unit of cost. The 
tests have shown definitely that there is a particular 
angle of projection and that among other factors this 
angle depends upon the distance between the recei\ing 
and transmitting stations. A study of the various 
curves of Figs. 7, 8, 18, 22, 23, and 24, also provides 
some information concerning the propagation of the 
waves. Taking the German curve first (Fig. 24), the 
progressive rise in received field strength during the 23rd 
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and the 24th July, 1932, as the single-tier (A) aerial was 
raised is very marked. Curves have also been drawn in 
the same figure, giving the expected field strength as a 
ratio of that due to a fixed aerial wavelength above the 
earth, assuming that reception was made of one ray only 
emitted at an angle of 85° or 82° to the vertical. It will 
be observed that the actual curve follows in general the 
82° calculated curve, making peaks corresponding to 
heights of 0 * 5 and 0-96 wavelength above the earth. At 
these heights the directions of the axis of the primary 
lobe of radiation were 60° and 74° approximately. 
Reference to Fig. 25, which gives the skip distance for 
various angles of projection of a ray for various values 
of the effective height of the ionized layer, on the assump¬ 
tion of simple geometric laws, shows that a ray projected 
at an angle of 82° to the vertical would be received in one 
skip at Berlin (1000 km from Rugby) provided the 
effective ionized reflecting layers were 95 km high. More- 


earth’s magnetic field (which is small at the frequencies 
and angles of projection considered), if fc — critical fre¬ 
quency, / = frequency of wave under consideration, 
do = critical angle measured from- the vertical, and 
X = (height of apex of ray above earth)/(radius of earth). 

Then felj^ =F cos^ 6c + 2x sin^ dg 

Thus, taking/as 9 790 kilocycles per sec. (A = 30'645 m), 
and the height of the apex of the ray above the earth as 
90 km, we find that 9c = 61°. It is therefore probable 
that only the energy radiated at a less angle to the vertical 
than about 60° would have penetrated the E layer on the 
particular day of the tests. The tests made on the 
7th November, 1932, on a wavelength of 30 • 645 m, using 
a 2-tier (B) type for both the fixed and the movable 
aerial, showed very different conditions. The fact that 
the received field strength was greatest when the mov¬ 
able aerial was in its lowest position, namely ^ wave- 



Fig. 25.—Relation between angle of projection and skip distance for various effective 

heights of the ionized layer. 


over, it is significant that rays projected at angles of 
74° and 60° would reach Berlin in two and three skips 
respectively if reflected from a layer 90 to 100 km high. 
The resultant of rays arriving by more than one path 
■would be expected to account for the shape of the curve, 
and peaks would occur when the field strength due to the 
rays travelling by alternative paths reached a maximum 
value. The evidence obtained during this test therefore 
strongly supports the belief that the major portion of 
the energy received at Berlin was confined to the region 
below the E layer. To test this belief still further, the 
values of the penetration frequency of the E layer were 
obtained from the Radio Research Station, Slough. 
Weekly noon readings of this frequency were recorded, 
and the observations for July, 1932, and the early part 
of August, 1932, are given in Fig. 26. Although the 
value on the 24th July was not measured, the value by 
inference would be about 5 megacycles per sec. 

It has been shown* that, ignoring the effect of the 

- * See Bibliography, (9). 


length above the earth, can be regarded as evidence that 
the F layer was chiefly responsible for the bending of 
the rays back to earth. The angle of maximum radia¬ 
tion with the aerial at this height is 74°, but had the 
angle been decreased by lowerhig the aerial it is quite 
possible that still higher fields might have been obtained. 

The critical frequencies during the tests varied from 
about 2 X 10® to lx 10® cycles per sec., giving a 
critical angle varying from 78-5° to 84° to the vertical. 
Thus rays projected at an angle to the vertical less than 
about 78-5° would be expected to penetrate the E layer. 

The practical conclusion resulting from these tests is 
that, to provide the most effective reception, the design 
of the array for summer service must be different from 
that required for a winter service. 

With regard to the Tenerifie test between the 19th 
and the 26th May, 1932, and on the 11th and the 
18th December, 1932, on 20-78 m, here again summer 
and winter conditions were different, since the best 
angles of projection appeared to be respectively 71° and 
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85° to the vertical. Reference to Fig. 25 shows that 
these angles correspond to two and one skips respectively 
between Rugby and Tenerife—a distance of 2 850 km— 
for effective heights of the F layer equal to 300 km and 
285 km respectively. The absolute field strengths during 
the December tests were considerably higher than during 
the May tests, a fact which supports the conjecture that 
the ray suffered two reflections in May. 

The results experienced during the Teneriffe experi¬ 
ments were contrary to those obtained during the 
Berlin tests; in the former, in summer the lower angle of 
projection was most successful, whilst in the latter the 
high-angle projection gave the best results. 

There are, however, many features of dissimilarity 
between the two sets of tests. The wavelengths were 
different; the Rugby-Teneriffe route is almost north to 
south, whilst the Rugby-Berlin route is approximately 



Fig. 26.—Critical frequency of penetration of the E layer, 
taken at Slough at noon. 

west to east; and the distance of Tenerife from Rugby is 
almost three times that of Berlin. This latter fact 
probably provides the key to the solution, since for 
propagation by the E layer at least two skips were 
necessary between Rugby and Teneriffe, whilst only one 
was required between Rugby and Berlin. There seems 
little doubt that on the Tenerife route during the May 
tests the E layer effectively held down the rays projected 
at a high angle to the vertical, and that the double 
passage of the ray in a long almost horizontal path in 
the E layer resulted in greater attenuation than the 
alternative passage right through the E layer at an angle 
much greater than glancing incidence and a double 
passage via the F layer. This conclusion receives 
support from the following remarks by Eckersley:* 
“ Geometrically, a glancing initial ray which fails to 
penetrate the E layer is possible, but if we make an 
approximate calculation of the attenuation of such a 
ray we find it is so large that it cannot be received even 

over moderate distance.” . ^ 

It has already been stated that during the German 

* See Bibliography, (9). 


tests in July, only ra 5 '^s having an angle to the vertical 
less than 60° could penetrate the E layer. Thus since 
at this time of the year the F layer would be expected 
to have an effective height appreciably less than 300 km, 
two reflections from this layer would be required to 
span the distance between Rugby and Berlin. It there¬ 
fore seems probable that a ray, entering the E layer at 
an angle several degrees removed from glancing incidence 
and bent dowm from the E layer to reach Berlin in one 
sldp, w'ould be less attenuated than the ray which was 
twice reflected from the F la^'-er. While the danger of 
generalizing from the few tests made is realized, on the 
practical side the indications point to the desirabilit}’— 
if not the necessity—of using different designs of arrays 
for summer and ■winter transmissions to achieve the best 
results. 

The American tests were more comprehensive and exact 
than either the German or the Teneriffe tests, owing to 
close collaboration with the American Telephone and 
Telegraph Co. and the Bell Telephone Laboratories. In 
the U.S.A. tests it was usually possible to arrange to 
measure the dowmcoming angle at the receiving end at the 
same time as the angle of projection was measured at the 
transmitting station. It was thus possible to correct 
the received field so as to take account of the vertical 
characteristics of the receiving aerial. The correction 
was not a large one, however, as the variation in the 
average downcoming angle was only a few degrees. The 
first fact of note is that the best angle of projection on 
20-78 m during daylight conditions appears to be about 
78° to 80° to the vertical. As the distance betw^een the 
transmitting and the receiving station is about 5 400 km, 
this angle suggests that propagation takes place in two 
skips from an ionized layer 460 to 400 km high. Since 
local measurements made at Slough gave heights of the 
F layer usually between 200 and 300 km, it could also be 
argued wdth a greater degree of probability that three 
skips were made, the height of the layer being betw-een 
275 and 230 km. With this height, two slaps would re¬ 
quire an angle of projection of approximately 85° to 86- 5°, 
which values aie usually^ too high to permit penetration 
of the E layer even in winter w-hen the ionization is a 
minimum. As with the Teneriffe transmissions, propa¬ 
gation by repeated reflections betw^een the E layer and 
earth would be expected to produce fields of negligible 
strength. Repeated tests made with the H| aerial, 
gi'ving maximum radiation be'tween 85° and 86 and con¬ 
siderable radiation in directions making even greater 
angles to the vertical, failed to produce e-vidence of 
appreciable energy being received by a path starting 
from the transmitting aerial at angles around 86°; and 
the received fields, compared with those due to the 
standard transmitting aerial, were such as to support the 
view that the major portion of the received energy was 
projected from the transmi'tter at angles around 80 . It 
was a noteworthy fact that the downcoming angle was 
quite independent of the type of transmitting aerial used. 
For example, an type of aerial emitting at 85° over 
16 times the power radiated from Bl-type aerial, pro¬ 
duced no measurable difference in the average recei\ed 
downcoming angle. This result was observed to hold 
whatever the downcoming angle: the type of transmittmg 
aerial used did not appear to modify the result. 
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Similar results were obtained when four B-type 
aerials fixed and 1J wavelengths above the earth 

respectively were used for transmitting purposes, thus 
providing further evidence in favour of a single pre¬ 
ferential path. 

With regard to the angle of reception in the U.S.A., 
generally on the 20 -7 8-metre wave the average value 
varied a few degrees on both sides of 76°. There were, 
however, a few occasions when angles greater than 83° 
were registered. It was noticed on several occasions, 
particularly during the lighter months when the tests 
were made from noon, that there was a gradual fall of a 
few degrees in the value of the received angle of incidence 
as the tests proceeded. Remembering that noon is 
about 5 hours later in New York than in England, the 
explanation might be that during the early afternoon 
the intensity of ionization of the F layer along the trans¬ 
atlantic path was appreciably difierent. The result 
would be that in the early afternoon the F layer would 
not behave as a concentric shell of uniform height above 
the earth for the whole distance between Rugby and the 
U.S.A. Thus in the early afternoon the layer would in 
effect be tilted up at the American end, with the result 
that at the receiver the downcoming ray would make a 
greater angle with the vertical than the projected ray. 
Later in the afternoon, as the ionization in England 
decreased and that in the U.S.A. increased, the layer 
would be expected to become more uniform in its effective 
height above the earth and then the tendency would be 
for the angle of the incident ray at Holmdel to become 
less. Such has been found to be the case. 

With regard to the 30•643-metre tests, sufficient 
evidence as yet is not available regarding the best angle 
of projection, although the tests in November showed 
definitely that the angle was about the same as with the 
20 * 78-metre transmissions. 

The whole of the practical conclusions can be sum¬ 
marized briefly by stating that there is a definite relation¬ 
ship between the value of the field strength at a receiver 
and the angle of projection of the ray at the transmitting 
aerial. This angle depends on the distance apart of the 
stations and on the ionization of the E and F layers, which 
varies with the time of day, the season, and the year. 
In the case of transmission on 20 • 78 m from Rugby to 
New York, for all-daylight conditions an angle of pro¬ 
jection varying a few degrees on either side of 79° to the 
vertical was the best. The results prove the necessity 
whenever a new service is under consideration of making 
tests over a reasonable period to ascertain the best 
angle of projection, and of repeating these tests at regular 
intervals after the service has been inaugurated. 

Part 2. SUPPORTING STRUCTURES FOR 
ARRAYS 
Introduction. 

The best angle of projection of a beam of radiation 
having been decided, the next question concerns the 
design of a suitable array and of the supporting 
structures. Design cannot be divorced from cost, and 
since usually the greatest cost of a complete aerial system 
lies in the structures, data are necessary to enable reason¬ 
ably accurate computation to be carried out, It is there¬ 


fore proposed in this section to refer briefly to the 
question of supporting structures. The principle factors 
to be considered in the design of towers are the top hori¬ 
zontal loading, the type of bracing, the strut formula to 
be used in calculations, and the torsion due to the pull 
of the aerial-supporting cable. The author has already 
considered these factors in some detail in a previous 
paper;* the conclusions at which he has arrived may be 
summarized in the following way. 

Wind Load. 

Records of wind velocities in the British Isles show that 
a speed of 110 m.p.h. at a height of 40 ft. above the earth 
has been experienced. This would necessitate a wind 
resistance of 42 lb. per sq. ft. of exposed surface of a 
tower built of equal angle-steel sections. 

This value of wind velocity represents gust conditions 
of an intensity that seldom prevail in the British Isles, 
and usually in all but the most exposed position 30 lb. 
per sq. ft. will be ample. Since radio stations are usually 
built in open exposed positions, 40 lb. per sq. ft. has been 
adopted for the structures referred to in this paper. A 
screening factor of 1 • 8 is the maximum needed, and a 
less value can be employed at the top of the tower where 
the ratio of distance between faces of the tower to the 
width of section of angle iron is a minimum; a safe overall 
value to adopt is 1"6. 

Type of Bracing. 

Since horizontal face bracing introduces the conception 
of a “ fictitious ” member parallel to the posts, which 
involves difficulties in calculating the stresses in posts and 




bracings, horizontal face bracings should usually be 
avoided. Where single bracing is used, calculation of 

* See Bibliography, (10). 
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the stresses is rendered more accurate by utilizing the 
arrangement shown in Fig. 27(a), in preference to that 
illustrated in Fig. 27 (&). In the former the column AB 
is fixed at A and B in the two perpendicular planes ABX 
and ABY, whilst in the latter the fixiatipn of the column 
is partial at A, B, and C. This fact introduces un¬ 
certainty in the column formula. 


fact necessitates provision for torsional resistance in 
the design of the towers, since for mamtenance purposes 
or in the event of breakdown it might be necessary to 
remove one of the curtains. This provision of a cross- 
arm increases the cost of each tower very appreciably, 
not only on account of the extra cost of the arm but also 
owing to the increased mass of the tower, which has to 




Strut Formula, 

A straight-line strut formula is the most practicable 
tvpe: the actual formula used by the author is 

80 / 

Permissible stress in lb. per sq. in. = 18 000 - 
c ‘a 

where I is the efiective length of the column, and rg is 
the minimum radius of gyration of the steel section. 
The effective length (Z) can be equal to -| AB if the joints 
of the bracings at A and B are well bolted to the posts. 

Torsion. 

Arrays usually have two curtains suspended about 
^ wavelength apart from the cross-arms of towers. This 


be designed to resist torsion and the extra top wind load. 
To remove this objection, the author has designed 
spreaders built up of central tubes and outer silicon- 
bronze tension wires. A typical design, and the method 
of suspending the spreader from a tower, are shown in 
Fig. 28, Spreaders of this type, tested to withstand a 
horizontal pull of 2 tons applied at the end of the 
spreader and at right angles to its length, are in use. 
The longest spreader as yet used is of 24 ft., a length 
suitable for an array designed for a wavelength of 30 m. 
An additional advantage of the spreaders is that they 
enable the whole array to be lowered in one operation, 
since they are suspended from one steel rope passing over 
a pulley at each tower. 
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Weight of Towers. 

The type of towei' considered in this section, therefore, 
is the tapered structure without cross-arms. Such a 
structure, having a top horizontal load P due to the 
aerial-supporting rope, will experience a bending moment 
Py at a distance y from the top, necessitating a post with 
a section of breadth hp to resist the resulting stress. 
Furthermore, the bracing must have a width hg to resist 
horizontal shearing forces due to P. The exposed 
surfaces offer resistance to wind, and in consequence the 
breadth of both bracing and posts must be increased to 
meet the additional stresses, assuming that the thickness 
is already a maximum. Each additional increment of 
breadth, by giving rise to an increment of wind resistance, 
produces increased loading, with the result that instead 
of the mass of the tower increasing almost linearly with 
height as would be the case if there were no wind load 
the increase is almost exponential. The exponential 
relation between height and mass is seen from the curves 


radiation losses from twin-wire transmission lines having 
equal antinodal values of current at corresponding points 
are not great, and has shown* that the greatest radiation 
losses per unit of length in twin-wire lines occur at the 
ends and that the radiation losses from long lines are not 
proportionally greater than those from short lines. It 
is proposed in this section to examine the question of 
radiation from twin lines in greater detail. 

In the case of feeders to transmitting aerials, the total 
loss in the lines is usually of greater importance than the 
distribution of radiation from the lines. On the reception 
side, however, particularly where feeders from different 
aerials run fairly close to each other, the distribution of 
the field from the transmission lines is the more im¬ 
portant. Even though the total energy radiated from a 
twin open line is small, there is a possibility that there 
may be narrow lobes of radiation of sufficient intensity 
to give rise to appreciable pick-up between feeders. 
Before proceeding to investigate this possibility, it is 



Fig. 29.—Total mass and cost of square self-supporting masts. 



Distance apart of wires as fraction of wavelength, {D/X) 


Fig. 30.—^Radiation resistance of twin-wire transmission lines. 


of Fig. 29, giving values taken from actual designs. The 
equation of the curves is approximately of the type 

W ~ k^-\- 

where W is the mass of the tower in tons, P is the top 
horizontal pull in tons, Ti is the height of the tower in 
feet, and k^ and k^ are constants depending on the wind 
load. In the same figure the cost of complete structures 
is given on the basis of £40 per ton weight of steel. 

Two features of these curves which have an important 
bearing on the question of tower economics are; (1) The 
cost is almost directly proportional to the top horizontal 
load, (2) The cost increases rapidly with height. Any 
increase in array gain, obtained by increasing the number 
of radiators in the vertical plane or by raising the height 
of the arrays, must tlierefore be carefully balanced 
against the increased cost of towers. 

Parts. TRANSMISSION LINES. 

The choice of transmission lines lies between the open- 
wire and the concentric-tube type, and since the former 
are much less costly than the latter their adoption is 
justified provided their use is not attended by serious 
loss of efficiency. The term efficiency covers both loss 
of energy and, in the case of reception, degradation of 
signals due to undesired “ pick-up “ by the lines. 

The author has already put forward the view* that the 
* See Bibliography, (8). 


relevant to inquire into the effect of pick-up. Under 
normal conditions, the selectivity of the receiver will be 
quite sufficient to guard against interference between 
stations on adjacent allocated wavelengths. When 
fields on one wave are much stronger than those on the 
other, however, any additional energy transferred to the 
receiver of the weak signals via the feeders will increase 
the difficulty of reception. 

Furthermore atmospherics, giving rise to all fre¬ 
quencies, will cause greater interference with the weak 
signal if the feeders have appreciable pick-up. In any 
large receiving station equipped with beam arrays having 
various orientations atmospheric disturbances from all 
directions may be received at good strength on one or 
more arrays. The transmission lines from the arrays 
converge on the receiving room and are thus in fairly 
close proximity at the receiver end. Unless the trans¬ 
mission lines are practically non-radiating, therefore, 
conditions will be extremely favourable for picking up 
atmospheric disturbances arriving from any direction, 
and the advantages of the directivity of the arrays will 
to a great extent be lost. 

With regard to the total radiation losses from twin- 
wire transmission lines, the author has already shownf 
that, in the case of lines having standing waves, the loss 
is alrnost independent of length. In the case of lines 
carrying progressive waves of negligible attenuation, 

♦ See Bibliography, (11). .[. 
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Sterba and Feldman* have shown that the loss on twin 
lines separated by a small fraction of a wavelength is 
practically independent of length and is approximately 
equal to 160l^{7rD/X)^ watts, where I is the current in 
amps, and D/A is the separation of the wires, expressed as 
a fraction of a wavelength. 

In Fig. 30 a curve has been plotted giving the value of 
the radiation loss for various distances between the wires, 
whilst in Fig. 31 curves have been drawn giving the ratio 
of the high-frequency ohmic resistance to the radiation 
resistance at a frequency of 18 750 kilocycles per sec. 


electric field intensity due to a non-attenuated current 
the whole wire is 


^x=n\ 


err. 
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-f ?^(cos^i — 1) 


sin 6^ 
cTq (cos — 1) 




• sin [uTT (cos — L] 


cos 


60 


4 - n-TT (cos — 1) 


in 


dx 



The high-frequency ohmic resistance has been calculated 
from data given in the Bureau of Standards (U.S.A.) 
Circular No. 74. It is at once obvious that the total 
radiation loss in a twin line is inappreciable provided the 
distribution of currents in the two lines is similar but 
opposite in phase. 

With regard to the distribution of radiation, consider 
a wire AL (Fig. 32a) of length nX. Taking A as the origin 
and regarding the current as progressing from A to L, 
at a point P located a great distance Tq from A the 
electric field intensity, de, due to the current in a small 
length of wire, dx, will be proportional to 


S Iq sin 


Bt 
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0% 

IqCO sin 6^ 
cVn 


6U1 t 


cos 


27103 
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+ -y- (cos 01 ■ 


1) dx 


CO 
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27703 , a 

_f_ _(cosf/i- 1)^ 


dx 


where Iq sin cot is the instantaneous value of the current 
at A, and o is the velocity of propagation of electro¬ 
magnetic waves in space, which is practically the same 
as the velocity of the current along the wire. Thus the 

* See Bibliograpliy, (12). 


As for the purposes of this discussion we are only con¬ 
cerned with the relative amplitudes of the electric field, 
the expression sin 0^ sin [nTT (cos 01 - l)]/(cos 01 - 1) 
need only be considered. 

The multiplying factor to take account of the reflection 
from the earth can be obtained by regarding the reflected 
waves as being due to an image running parallel to the 
wire and separated therefrom by a distance 2h (Fig. 
32&). This assumes a perfectly reflecting earth, which 
is approximately correct when, as in this case, the 
radiators are parallel to the earth. As the current 
in the image is reversed in sign, the multiplying factor 

2 sin [ {2h'7T/X) sin 0i cos jS) ] is obtained. 

If now a second parallel wire (Fig. 32&), having the same 
height h above the earth, is brought a distance D from 
the first wire and carries current reversed in phase at 
the appropriate points, a third multiplying factor is 

obtained, namely 2 sin [(Dtt/A) sin 9^ sin ^]. The full 
expression for the amplitude of the field intensity thus 
becomes 

2jS: sin 01 sin {nrr (cos 0i—1)] 

^2“ (cos 01 — 1 ) 

X 2 sin sin 0i cos X 2 sin sin 9-^ sin ^ (2) 



WALMSLEY: AN INVESTIGATION INTO THE FACTORS 


The expression 

2^ sin sin [titt (cos 6^ — 1)] 

(cos 6^— 1) ‘ 

gives the radiation characteristic of a single straight wire 



Fig. 32. 


in space, assuming no reflections from other objects. As 
the length of the wire and therefore the value of n 
increases, the angle 6-^ made by the axis of the primary 
lobe of radiation decreases. For any particular value of 


to a wire of infinite length in space is therefore infinity. 
This, however, is a h 3 rpothetical case, since the reflection 
from the earth must be considered. 

The radiation characteristic of a single wire running 
parallel to the earth is therefore more correctly repre¬ 
sented by 

2ir sin . sin {nrr (cos — 1)] 

(cos 6^—1) 

X 2 sin • (^) 


It is convenient to represent maximum radiation from 
transmission lines of various lengths in terms of the 
maximum radiation from a line ^ wavelength long and 
wavelength high. This is roughly the maximum 
height of the transmission lines used in practice. Under 
these conditions the maximum radiation occurs in the 
plane where j8 = 0. Denoting by the value of 6-^ at 
which the expression (3) is a maximum, it is necessary 
to differentiate and equate to zero in order to find the 
value of this angle. This operation gives the following 
relationship for the maximum value of (3). 


sin Bj^ tan Bp^lmr cot [nyr (cos B^m, — 1) ] ~- a -7 f 

I COS * j 

— sin Bj^m cos ^ X cot sin B^^, cos = 1 (4) 


In the particular case of the half-wave radiator, the value 



Fig. 33. 

A, Relationship between angle 6im length of a single transmission line {N\) placed i wavelength above 

_ perfectly reflecting earth. 

B. Maximum value of field intensity of principal lobe of radiatipn due to single line referred to in A. 


between 7r/2 and 0, the expression is a maximum for 
the lengtli of wire which makes sin [wtt (cos B^^— 1)] = — 1. 
Now when is small , 

sin __ sin 01 — 2 

(COS 01--1) V(1 ““ sin^ 0i) ~ 1 ~ 01 

The limiting value of the maximum field intensity due 


of B^m maximum radiation is 67° approximately, and 
the maximum field intensity is iK X 1'23. 

Fig. 33 shows the relationship between B^n and n 
derived from expression (4), and also the maximum 
value of the field intensity for increasing values of n. 
This maximum intensity approaches 4:7tK, the limiting 
value of expression (3) as Bpn approaches zero. Thus 
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the field intensity of the principal lobe of radiation of a 
single infinitely long line, running parallel to the earth 
!■ wavelength high and having unattenuated progressive 
currents, is (tt/I • 23) times the intensity due to a simi¬ 
lar line of length l-A. Hitherto, a single line only has 
been considered. The effect of running a second parallel 

wire is to introduce the factor 2 sin [(Htt/A) sin sin p], 
by which expression (3) must be multiplied. 

This factor approaches zero as 6-^ becomes vanishingly 
small, thus reducing to zero the intensity of the field, 
which for a single-wire line has been seen to have a 
limiting value 4,7rK. Moreover, since the separation D 
of the two wires is a small fraction of a wavelength, the 
factor increases in value as 9^ increases from 0° to 90°. 
Thus the greatest value of the field intensity due to a long 
twin-wire line is not that arising from the primary lobe 
but that which arises from some higher-order lobe. To 
ascertain the greatest value of the field, it is necessary 
to examine expression (2). Since Htt/A is extremely 
small, the expression may be written thus:— 

SKDtt sin^ 9-, sin B . /2h7r . ^ 

—c— •-—- - • sm sin (7, cos 

A cos Pj —• 1 V A ^ 

X sin [riTT (cos — 1)] 

Since sin^ dJ{cos — 1) = — (1 -f cos 9^), 

this expression may be reduced to 

— SKDtt.. , a, . o ■ - a q\ 

--(1 -{- cos Pj) . sm p sin sin 9^ cos pj 

X sin [nTT (cos . ■ (6) 

The last factor in the expression gives the number of 
lobes of energy radiated from the twin-wire line for any 
value of n; the remaining factors enable the envelope of 
amplitudes of the field intensity due to the various lobes 
to be determined. 

Several interesting deductions can be made from 
expression (5). Firstly, except for small values of n, the 
largest radiation occurs along directions such that 6^ lies 
between 50° and 60° approximately; secondly, whatever 
the value of n the maximum field intensity at a distant 
point cannot exceed dr {SKDttJX) X 0 • 88; and thirdly, the 
pick-up in the case of lines used for reception purposes is 

201ogio(^^ X 0-88 X ^),or201ogio(2-165H7r/A) 

decibels compared with the standard half-wave line. 
Thus if jD/A = 1/70, which corresponds approximately to 
a separation of 9 in. between the wires of a twin line 
used for a wavelength of 16 m, the pick-up is 
-• 20 decibels. It is important to notice that this 
value is only attained when the received ray arrives at a 
particular angle. It seems, therefore, that normally 
the maximum intensity of radiation or the pick-up of a 
twin-wire line, according to whether the line is used for 
transmitting or receiving purposes, is not great provided 
always that the line is accurately balanced. 

Tests. 

Maximum Pich-up hy Transmission Lines. 

The small intensity of the radiation or pick-up renders 
accurate tests on twin-wire lines very difficult. More¬ 


over, since the lobes of radiation have a high angle 
of elevation, field tests are almost impossible. The 
observer therefore has to be satisfied with observations 
on distant stations, having different bearings around the 
receiving station. Unfortunately the horizontal half¬ 
wave aerial is not suitable as a standard of reference for 
measurement purposes, since its characteristics in a 
horizontal plane vary between a maximum and a zero 
value. A vertical aerial, however, has a circular polar 
diagram in a horizontal plane, and is thus more suitable 
as a standard.’ With the idea of obtaining some know¬ 
ledge of the order of magnitude of the pick-up of a 
2-wire transmission line, a vertical half-wave aerial was 
therefore used as a standard of reference. Tests made 
on distant stations using a half-wave vertical aerial and 
a horizontal half-wave aerial having their centres at 
approximately the same height above the earth, showed 
that on the average there was little difierence between 
the signal strengths received by the two aerials provided 
the distant station was in a direction approximately at 
right angles to the horizontal aerial. The half-wave 
vertical aerial had its lower end 3 ft. from the earth, and 
terminated in a tuned circuit from which short balanced 
transposed transmission lines were taken to a receiver. 
The twin-wire transmission line under test consisted of 
4001b.-per-mile wire built 18 ft. above the earth on 
porcelain insulators spaced 9 in. apart. The total length 
of line was 1 060 ft., and the distant end was terminated 
in a fine high-resistance wire having a resistance equal 
to the measured surge impedance of the line, namely 
550 ohms. Several distant stations havmg a trans¬ 
mitting wavelength in the region of 30 m were observed, 
the stations being chosen to cover as large a range of 
bearings as possible. The method employed was to tune 
to a particular station and then to switch from the 
transmission line under test to the comparison vertical 
aerial. This process was repeated at intervals of 2 or 
3 minutes and the receiver adjusted by means of the 
attenuator to give equal outputs. The average of many 
readings showed that the vertical aerial gave 18 decibels 
gain over the transmission line, no single I'eading showing 
a gain of less than 14 decibels. Although the tests 
were admittedly rough they served to show that the 
pick-up on a 2-wire balanced line is not appreciably 
greater than might be anticipated from theory. 

Total Loss on Line. 

With regard to the total loss in a 2-wire line, tests 
were made by measuring the input and output on a 
measured length of transmission line consisting of a 
1 200 ft. run of 400 lb. per mile copper wire spaced 9 in. 
apart. The termination consisted of a Striplite lamp 
giving a total resistance of approximately 660 Q. The 
small portable transmitter already described was used to 
feed energy into the line, and thermo-couple ammeters 
were clamped at the adjacent maximum- and minimum- 
current points at both ends of the line. Particulars of 
the line are given in Fig. 34, which also shows the results 
of the tests ' made at various frequencies and the 
resistance loss calculated by means of the tables and 
formulae given in Bureau of Standards Circular No. 74. 
For the purpose of comparison, tests were also made on 
a concentric copper-tube line 1 200 ft. long running 
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parallel to the open-wire line. The inner and outer 
tubes were connected at both ends to short lengths of 
twin-wire lines, which were matched to the impedance 
of the tube line by a quarter-wave matching line, 
Striplite was used to absorb the energy at one end, and 
current measurements were made at the adjacent 
maximum and minimum points in a short length of open 
wire at both ends. The construction of the tube line is 
shown in Fig. 34, together with the test results. The 
calculated loss of the tube line has been plotted, the 
values being obtained from the following formula due 
to A. Russell;— 

B = X lo-» 

where p = resistivity (1 700 electromagnetic units for 
copper); p, = magnetic permeability; / = frequency, in 
cycles per sec,; a — outer radius of inner conductor, in 



Frequency, megacycles per sec. 

Fig, 34.—Power lost in transmission lines. 

Open twin-wire line, supported from porcelain insulators fixed to 
wooden poles spaced IBO ft. apart. Weight of conductors 400 lb. 
per mile, spacing between conductors 9 in. 

. . Concentric-tube line, inner tube supported on insulators ft. apart, 

outer tube supported on wooden stakes and earthed every 6 ft. 

cm; b == inner radius of outer conductor, in cm; and 
B = equivalent resistance per cm, in ohms. 

The curves illustrate that although the calculated 
values of the resistance losses of the open-wire and 
concentric-tube lines are almost, the same there is an 
appreciable difference in the measured losses, the wire 
line being the more efficient. The fact that insulators 
are spaced every 160 ft. on the open line, and every 2 J ft, 
on the tube line, possibly accounts for this higher effi¬ 
ciency. The results of these and other tests show that 
overhead twin-wire lines can be used with reasonable 
efficiency, and that the pick-up, which might be unde¬ 
sirable in the case of a receiving station, need not be 
unduly large. 

In practice, when several open-wire transmission lines 
enter a receiving station in close proximity to, each other 
the ” throw-in " or “ cross-talk ” can be reduced to very 


small limits by transposing the pairs within the building 
at distances of about IS inches. Thirty twin lines 
entering the Baldock radio station have been erected in 
this manner. 


Part 4. RELATIONSHIP BETWEEN CAPITAL 
OUTLAY ON ARRAY SYSTEMS AND RE¬ 
SULTING GAIN IN FIELD STRENGTH. 

Calculation of Gain of Arrays. 

The problems of the best angle of propagation of waves 
in a vertical plane and of the relationship between height 
and cost of steel towers for supporting arrays having been 
investigated, and the fact that open-wire transmission 
lines can be efficiently used at both receiving and trans¬ 
mitting stations having been confirmed, the important 
question of the capital outlay required on aerial systems 
to produce various relative field strengths at distant 
places, and conversely to procure various degrees of 
augmentation of the received signal at the receiver, can 
be considered. The evidence presented in Part 1 seems 
sufficiently satisfactory to justify the conclusion that 
there is a preferential angle of projection, and that 
energy projected at other angles does not, on the average, 
greatly affect the values of the resultant field strength 
measured over a period of a few minutes. On this 
understanding it is possible to calculate the relative 
field strengths at a distant station due to aerials having 
different radiation characteristics. 

The comparison is conveniently made with a fixed 
horizontal aerial, wavelength above the earth, as a 
standard of reference. If now the preferential ray is 
projected at an angle jS and the resulting fields due to 
the standard aerial and the compared aerial are ei /3 and 
ejsrp respectively, the aerial gain in decibels will be repre¬ 
sented by 

where and are the power radiated by the standard 
and compared aerials respectively. Two methods are 
available for calculating the ratio PJPn. In the first, 
the expression for the field intensity e, obtained for any 
point equidistant from the aerials, is substituted in the 
Po 3 mting vector {cl4:7T)e^. The integration which is then 
necessary to obtain the total power radiated is very 
laborious. A second and more convenient method is to 
calculate the radiation resistance of the radiators Ijy 
methods suggested by Pistolkors, and since the two 
methods yield practically the same results the second will 
be used. Two approximations are made: (1) The earth 
is a perfect reflector; and ( 2 ) the radiation resistance is 
the same for individual radiators in an array. The first 
approximation has already been stated to be justified 
in the case of horizontal radiators, and the second intro¬ 
duces errors which are negligible as far as the present 
application is concerned. 

If P^ and Pxf are the respective resistances of the single 
standard half-wave radiator and of the individual half¬ 
wave elements of an array consisting of N radiators, then 
it follows that if the current is the same at the middle; 
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of each radiator the gain of the array in decibels is given 
by the expression 


20 lo 


t>10 


g.y/3 



. ( 6 ) 


The value of the radiation resistance of any one radiator 
in an array is obtained by taking account of the effect 
of every other radiator upon it, in a manner explained by 
Pistolkors.* When the values of and (calculated 
as described in Part 1) and of and are known, it is 
then a simple matter to calculate the value of expres¬ 
sion (6). 

In the foregoing discussion the assumption has been 
made that the radiation resistance as obtained by the 
methods of Pistolkors gives accurate values. In order 
to ascertain to what extent this assumption is justified, 


The maximum gain of an array is obtained when the 
axis of the primary lobe of radiation lies along the pre¬ 
ferential direction of projection. If then in expression 
(6) for the gain of an array over the standard half-wave 
aerial the angle ^ is such as to give this coincidence of 
axis and direction, and thus a maximum value of ej^p, 
the value of ei^a for the standard half-wave aerial will 
usually be less than its maximum value. For example, 
if the preferential angle of projection is 79° to the vertical, 
then reference to Fig. 4 shows that if a 2-tier aerial is 
used when the height of the lower radiator is 1 wave¬ 
length above the earth the direction of maximum 
radiation will coincide with the preferential direction. 

Reference to Fig. 3 shows, however, that the radiation 
at 79° from a single-tier aerial -I wavelength above the 
earth is only 1-1 (approximately) compared with 3-75 
(approximately) in the previous case. Thus, by inserting 


Table 8. 


Comparison between measnved and calculated values of resistance of half-wave radiators (A = 20-78 m). 


Type of aerial and number 
of i-wave radiators 

Input 

Sum of squares of aerial 
currents in radiators 

Resistance of single half-wave radiators 

Measured resistance . 
Calculated resistance 

Total resistance, by 
measurement 

Radiation resistance, 
by calculation 


(«) 

ih) 

(c) = ^ X 1000 

(d) 

ig) _ 

(d) 

A|, 2 ^ 

kW 

3-46 

. (amps.)2 

. 34-2 

a 

101-0 

n 

86-0 

1-17 

B-^, 4 

6-12 

88-0 

69-5 

74-0 

0-94 

Bf, 4 

3-9 

84-0 

70-0 

76-0 

0-92 

Bl, 4 

. 6-35 

88-0 

72-0 

76*6 

0-95 


tests were made on a single-tier, two half-wave (A) aerial 
and a 2-tier, two half-wave (B) aerial. The A aerial was 
fixed at a height of ^ wavelength above earth, whilst the 
B aerial was raised in three stages—from to f, and 
finally to 1 wavelength, above the earth. The aerials 
were connected to a transmitter by a twin-wire trans¬ 
mission line, lOOlb.-per-mile copper being used for aerial 
and lines. The input to the aerials was measured at 
adjacent maximum- and minimum-current points in the 
line near the aerials, and the aerial currents were measured 
at the point of maximum current, i.e, at the middle of 
each half-wave radiator. Pligh-frequency ammeters of 
the thermo-couple ty|)e were employed for all current 
measurements. The currents in the individual radiators 
of the aerials in any particular location were practically 
the same. For example, the current in each of the four 
radiators of the Bf aerial did not differ by more than 
4 per cent from the average value of the current in all 
the radiators. The results of the tests are summarized 
in Table 8. Having regard to the limitations imposed 
by the method of test, the agreement between the 
measured and calculated values of the resistance is con-, 
sidered to be reasonable. The errors introduced into 
the general deductions by the lack of agreement are 
almost negligible. 

* See Bibliography, (Id)* 

VoL. 74. 


these values in expression (4), the gain of a 2-tier aerial 
over a standard half-wave radiator is found to be 


201ogio 


3-75 

1-1 


69-3 
61 X 2 


= 8-4 decibels 


Since for a given number of tiers the shape of the 
vertical polar diagram in a plane normal to the plane 
of an array of similar radiators is the same regardless of 
the span of the array, the gain due to the additional 
vertical lines of radiators can readily be obtained pro¬ 
vided the average radiation resistance of the radiators 
in the arrays is known. For example, the average cal¬ 
culated values of the radiation resistance of a single 
half-wave radiator of a 4-tier array whose lowest member 
is 0 • 7 wavelength above the earth are 60 Q and 80 O. 
according to whether the span of the array is ^ wave¬ 
length or 8 half-wavelengths. The gain in decibels of the 
larger array containing 32 radiators, over the smaller 
array containing 4 radiators, is thus:— 


20 logio 



= 10 log^^o 




As the span of an array increases, the variation of the 
average resistance with span becomes very small, and 


S7 

















570 


WALMSLEY: AN INVESTIGATION INTO THE FACTORS 


thus the gain in decibels of an array over a similar type 
of array having the same number of horizontal tiers is 
10 logjQ[(Span of wider array)/(Span of smaller array)]. 
Applying the foregoing principles, the values of the 


spans respectively are given in Figs. 35 and 36. With 
most arrays a reflector curtain is provided. Such a 
curtain is usually located at a distance of about ^ 
wavelength from the main excited curtain, and at this 



Fig. 35. —Gain of 1, 2, 3, and 4 tiers of half-wave horizontal radiators spaced vertically J wavelength apart between adjacent 
radiators, over a single half-wave radiator fixed J wavelength above earth. The heights of the various aerials are such, 
as to give a maximum field strength in directions making the indicated angles to the vertical. 



Fig. 36.—-Gain of 1, 2, 3, and 4 tiers of half-wave horizontal radiators spaced vertically J wavelength apart between adjacent 
radiators (each tier consisting of 8 such radiators), over a single half-wave radiator fixed J wavelength above earth 
The heights of the various aerials are such as to give a maximum field strength in directions making the indicated 
angles to the vertical. & - 


maximum gain for various spans of arra 3 rs comprising 1, 
2, 3, and 4 tiers, have been calculated for several angles 
of projection of the primary lobe of radiation in a 
vertical plane normal to the array. Typical curves of 
gain relating to arrays having and 4-wavelength 


short distance it hardly changes the shape of the vertical 
polar diagram in the desired plane of propagation at the 
angles of projection considered in this paper. Thus the 
addition of a reflector curtain will merely result in an 
increase of 3 decibels in the gain. 
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Cost of Array Systems. maintenance, and efficiency of operation, is outlined in 

There now remains to be considered the cost of array Fig. 37. It comprises horizontal half-wave radiators 

systems designed to produce various gains. At this stage supported between steel lattice-work masts. The two 



Elevation 



Fig. 37.—^Typical horizontal-type array with reflector 



Pjq 38 _Cost of array installation to give maximum gains over a standard half-wave aerial for different 

angles of projection to the vertical for a 4-wavelength span array. 

-Cost of towers. .... 

___Cost of array and 1 000 ft. open-wire transmission line. 

-Maximum gain over actual standard half-wave aerial. 

__ Maximum gain over hypothetical half-wave aerial. 


•practical experie'hce must aid theoretical deduction in curtains, one directly energized and the other inductively 

driving at the btet means of producing certain gains at excited from it, are separated by approximately J wave- 

the iDiJirest cost. ^ A type of array system which combines length by means of the metal spreaders to which refer- 

simplicity of construction, economy of first cost, ease of ence was made in Part 2. The dips and tensions in 
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supporting cables bave been arranged so that a horizontal 
pull of 30 cwt. on the top of the masts, and a dovrathrust 
of 16 cwt., shall not be exceeded. These values have been 
chosen as a result of experience of a lai-ge number of 
designs. Sometimes a slight reduction in cost can be 
effected by reducing the dip and thus the height of the 


supporting cable; the extra weight of the additional 
tower is more than compensated by the reduced weight 
and cost of the remaining towers. The results of a very 
large number of calculations are shown in curve form in 
Figs, 38, 39, and 40. These give the estimated costs, 
excluding contingencies and overhead charges, of various 



Cost of towers. 

Cost of array and 1 000 ft. open-wire transmission line. 
Maximum gain over actual standard half-wave aerial. 
Maximum gain over hypothetical half-wave aerial. 
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Fig. 40. Cost of array in.stallation to give maximum gains over a standard half-wave aerial for different 
angles of projection, to the vertical for an 8-wavelength span array. 

- Cost of towers. 

-- Cost of array and 1 000 ft. open-wire transmission line. 

—-Maximum gain over actual standard lialf-wave aerial. 

--Maximum gain over hypothetical half-wave aerial. ' 


supporting towers, but usually the economic advantage 
of reducing the height is more than offset by the increased I 
cost due to the greater top pull on the towers. 

In deciding the cost of array installations the number 
of towers to support the arrays has been chosen so as to 
produce the most economical results. Costs are some¬ 
times reduced by erecting an additional tower for the 
purpose of diminishing the span and thus the dip of the 


array installations giving maximum gain over a half¬ 
wave horizontal aerial fixed wavelength above the 
earth. In the same figures the curves of the array gains, 
obtained as already explained, are also given, an allow¬ 
ance of 3 decibels for reflector gain being added. In 
studying the gains it is necessary to bear in mind that 
the direction of maximum radiation from the standard 
aerial makes an angle of approximately 60“ with the 
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vertical, and that at greater angles the radiated energy is 
less. This explains the increased gains of the arrays as 
the direction of maxiniuni radiation makes greater angles 
with the vertical. The ideal standard aerial would be 
one that radiated uniformly in all directions in vertical 
planes of propagation. Such a standard is impossible 
of attainment. A useful standard would be a hypo¬ 
thetical aerial having the same radiation resistance and 
maximum radiation as the actual half-wave aerial, but 
whose maximum radiation could be directed at any angle 
with the vertical. With this hypothetical aerial as a 
standard of reference it would be possible to compare 
the maximum field strengths due to the various arrays 
with the field strength due to an aerial emitting constant 
radiation at the relevant angle of projection. Curves have 
been added to Figs. 38, 39, and 40, giving this comparison 
with the hypothetical aerial. By plotting in each case 


plete array systems for a gain of 16 decibels over 
the hypothetical aerial for 24 m at angles of pro¬ 
jection of 78°, 80°, and 85°, are £510, £540, and 
£980 respectively. 

CONCLUSIONS. 

Briefly summarized, the main conclusions to be drawn 
from the investigations described in this paper are:—: 

(1) Before the design of an array system is undertaken, 
tests should be made over several months to decide upon 
the best angle of propagation in the vertical plane. If 
this varies appreciably with the seasons, as in the case of 
the Rugby—Berlin circuit, several arrays haVing various 
angles of projection and reception, or one array capable 
of having its angle varied, should be built. 

(2) In the case of the Rugby-New York circuit, the 



Fig. 41. —Maximum cost of horizontal-radiator type aerial array systems to give various gains over 
a single half-wave horizontal radiator fixed ^ wavelength above earth. 


the cost of the array against the corresponding gain, 
derived from Figs. 38, 39, and 40, the curves of Fig. 41 
have been obtained. These curves give the minimum 
cost only. P'or example, at an angle of projection of 80° 
a 4-tier 6-wavelength span array for a wavelength of 
24 m costs £720 complete, whilst a 2-tier 8-wavelength 
array having the same approximate gain costs £670. 
The lower price has therefore been taken. The curves 
of Fig. 41 illustrate the following facts. 

(1) The cost of array systems rises rapidly for a given 

gain as the wavelength increases. 

(2) The cost of array systems designed for a particular 

wavelength rises rapidly as the gain increases; 
particularly in the case of arrays designed for the 
longer wavelengths. 

(3) The cost of arrays designed for a particular wave¬ 

length increases rapidly for a given gain over the 
hypothetical aerial as the angle of projection 
approaches 90°. For example, the costs of com¬ 


angle of projection averaged over periods of a few 
minutes on the wavelength tested—20-78 m—^varied 
very little over a yearly period, its average value being 
about 79° to the vertical. 

(3) When the direction of maximum radiation from an 
array coincides with the preferential direction of projec¬ 
tion the received field strength is a maximum. Increas¬ 
ing the height of the radiators raises the cost of structures 
and reduces the received field strength. 

The thanks of the author are due to the Engineer-iii- 
Chief of the British Post Office for facilities for carrying 
out the investigations and for permission to publish the 
results recorded in this paper. The collaboration of the 
various authorities mentioned in the paper, and in par¬ 
ticular of Mr. H. T. Friis and Mr. R. K. Potter, is highly 
appreciated. Finally, sincere thanks are due to the 
author's colleagues, particularly to Mr. W. Bewick, Mr. 
J. L. Howard; Mr. H. G.,Crook, Mr. J. A. Sheppard, and 
Mr. E. E. Brown, for their assistance; and to Mr. R. A. 
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Watson Watt, Mr. J. F. Herd, and the staff at Slough, 
for their unfailing courtesy in providing data relating to 
propagation phenomena. 
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Col. A. S. Angwin: The deductions made in the communication between two fixed points; it has tO' 
paper have been further applied to one or two particular provide simultaneous reception over a large area. The 
cases. In connection with the American transmission author lays stress on the point that there is an optimum 
services on wavelengths of the order of 20 m, an array angle for projecting the ray, and that this o]itimiira 
has been modified to give an angle of elevation of approxi- angle varies with distance. This consideration immedi- 
mately 10° and the anticipated gain has been produced, ately presents a difficulty, because the distances in any 
the field strength being much increased as a consequence . one zone, for any one transmission of the Empire service,, 
of the new design. Further measurements have revealed vary enormously. Moreover, at the point of reception 
the tendency, with increase of wavelength, to an increase one cannot rely on an aerial being erected which receive.s. 
in the optimum angle of elevation for the transmission. at an optimum angle. In trying to provide a worthwhile 
Tests on one of the Canadian transmitters utilizing a service we are therefore seriously handicapped, unless, 
wavelength of the order of 60 m indicate that the angle we decide to have a very large number of transmitters- 

is of the order of 20° to the horizontal, instead of 10° for each particular zone and for each particular pro¬ 

as for wmvelengths of the order of 20 m. I am very gramme. Already for each zone we have to transmit, 
interested in the author's slides showing the radiation on two different wavelengths, and if we are also to 

characteristics of transmission lines, and I think that transmit with several arrays for different angles in order 

the value of the paper would be increased if one typical to provide for the differences in distance, the cost might 
example of these were added to it. His summary of become prohibitive. One of our great difficulties has. 
the economical application of his data is confined to been that of finding out the true facts of each problem.. 
the consideration of horizontal radiators; I assume that ’ We have not been in the fortunate position of the author, 
for assemblies of vertical radiators the polar diagram in who has had the help of experts at both ends, but have- 
the vertical plane necessarily has an angle of maximum had to rely on a kind of mass observation. We find 

radiation which is almost horizontal. I should be glad that it is not safe to judge the service we are giving, 

if the author would briefly indicate why he omits to in Australia by reports from one or two profes.sional 
consider vertical radiators and also arrays of the Chireix observers in that country, because it seems to vary 
type, which are neither horizontal nor vertical. considerably over a few hundred miles. The results of 

Mr. N. Ashbridge : The paper is of great interest our mass observation seem to be far more useful, however,, 
to the B.B.C. on account of its bearing upon the problems than one would have expected. We make use of printed 
of the recently introduced Empire broadcasting service. forms on which reports can be made out by picked and 
This service is not merely concerned with maintaining careful observers, but we have no hope of being able to- 
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obtain a number of measurements expressed in terms 
of field strengths. In view of the difficulties, I am 
surprised at the excellence of the results which are 
obtained. With regard to the types of arrays, we 
started with vertical dipoles raised only ^ wavelength 
above earth. They had reflectors, and a varying 
number of elements was provided in order to give the 
necessary horizontal directivity. We soon came to the 
conclusion that we were not giving the best possible 
service, and we therefore tried the effect of -l-wave 
horizontal dipoles at considerable heights above the 
earth. A scientific comparison of the two shows at 
once that elevated horizontal dipoles are infinitely 
superior to lower vertical dipoles. Whether this has 
anything to do with the angle at which the energy is pro¬ 
jected I am not certain; it may be merely due to a greater 
efficiency of radiation. We intend to investigate the 
problem on much more scientific lines. I should like 
to mention that at the Pontoise station there is a French 
broadcasting short-wave transmitter which employs a 
Chireix aerial. Our mass observations show that Pon¬ 
toise is giving a better service on short wavelengths 
than any other broadcasting station in the world, and 
this seems to suggest that the higher type of aerial is 
more likely to give an all-round good result than a 
lower one. Does the author think that the nature of the 
ground where the rays are re-reflected affects the result 
obtained? Most of his information is based on the 
Atlantic route, for which the intervening “ earth ” is 
all sea. I should like to know whether the results 
would have been different if they had been obtained 
on a nearly all-land route, such as between here and 
India. Does it matter very much if one of the areas 
where the energy is re-reflected from the earth comes in 
a large sandy tract like the Sahara, or, probably worse 
still, in mountainous regions? In the latter case the 
fact that the size of a mountain is very considerable 
compared with a wavelength may be of importance. 
With regard to the question of the best type of aerial 
to erect to get maximum efficiency at the lowest cost, 
in broadcasting this is complicated by the fact that the 
wiite-ofl on an aerial system may be small compared 
with programme costs. This fact does not affect the 
present Empire broadcasting station, however, because 
we are running it on a rather restricted budget. It is 
more applicable to an ordinary national broadcasting 
service. 

Mr. T. L. Eckersley; The author has investigated in 
a very thorough manner the optimum angle of vertical 
projection of a beam aerial, and his results appear to 
agree well with those obtained by other workers. 
Although it is explicitly stated that the investigation 
is one which determines this optimum angle, and not 
essentially the ray angles, the analysis is based on the 
assumption of a single downcoming ray. While no 
doubt in a large number of cases examined by him on 
the 20- 78 m wave one single ray was predominant, 
there is plenty of evidence to show that on longer 
waves there may be as many as four or five rays sharing 
the energy more or less equally. The evidence suggests 
that the wave chosen was short enough for the higher- 
angle rays to escape, leaving one predominant ray; so 
that there is general agreement between the observed 


height/field-strength curves and the curves calculated on 
the assumption of a single ray. Perhaps some of the 
anomalies in these curves are due to the existence of 
multiple rays. In spite of this doubt it is comforting 
to find good agreement between the author’s results and 
those of other workers. Three methods have been 
employed for finding the ray angles. One is the method 
of raising the transmitting aerial, described by the 
author. In the second method, which has been applied 
recently by the Radio Research Board, the angle is 
deduced from the measurement of the phase difference 
of the e.m.f.’s induced in two spaced aerials. The 
third method uses the time-delay of facsimile pulses to 
give the required angles. The first two are based on the 
assumption of a single ray, and the last on the assumption 
that the time-delay of the first pulse is known. It is 
satisfactory, therefore, to record that the results obtained 
by the three methods are in accord, at least for trans¬ 
atlantic transmission. The predominant angle found by 
the author is 79° (11° vertical elevation), and the Radio 
Research Board have found predominant angles of 73°, 
rising to 79° in the summer months. Facsimile observa¬ 
tions give 82° and 71° for the second- and third-order rays 
respectively reflected at a height of 340 km. Recently, 
Friis, Feldman, and Sharpless* have given results obtained 
by a combination of phase-difference and pulse methods, 
for a 33-28 m transatlantic transmission. They obtain, 
as an example, 72-5°, 70°, 64°, and 66°, the last two 
agreeing with the values of 63° and 66° determined by 
facsimile methods for the fourth- and fifth-order rays. 
The agreement is better on the higher-angle range. I am 
not sure that it is quite correct to express the feeder 
theory in the way adopted in the paper. The author 
states that the radiation losses from each element of line 
are not the same, the radiation being less at the middle of 
the line and greater at the ends. I am not sure that it 
is permissible to divide the line into parts and speak of 
the radiation resistance of each part, because this depends 
on the current/voltage distribution of all the rest. If, 
however, he merely means that the energy radiated by 
the line is not proportional to its length, I am in agree¬ 
ment with him. In this connection I would point out 
that there is no outward radiation from an infinite line 
so long as the phase velocity along the line is less than 
that of light; but if the phase velocity along the line is 
greater than that of light there is a component of outward 
radiation. Phasing condensers in series with the line 
would produce such an effect, and the pick-up radiation 
from such an open line might become important. 

Mr. J. F. Herd: The part of the paper which is of 
particular interest to us at the Radio Research Station, 
Slough, is that dealing with long-distance propagation, 
particularly the information given on pages 661 and 
562. I am sure the author will agree that our knowledge 
of the conditions is still inadequate to permit very definite 
conclusions to be drawn regarding the trajectory and 
the number of reflections concerned in transatlantic 
propagation. Measurements of the downcoming angles 
of these signals are in systematic progress at Slough in 
co-operation with the Post Office, using the spaced- 
dipole method already referred to by Mr. Eckersley. 
The apparent tilt of the layer mentioned on page 562 is 

* Proceedings of the histiiute of Radio Engineers, 1934, vol. 22, p. 47. 
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confirmed by our measurements in the opposite trans¬ 
atlantic direction. The lack of any important influence 
of the form of the transmitting aerial on the downcoming 
angle at the receiver is illustrated by measurements 
made within the past few days, at the suggestion of 
Mr. H. L. Kirke, on the American stations Rocky Point 
WAJ (22 •26 m) and Lawrenceville WMA (22 •4m). 
The former is a telegraph station providing keyed-morse 
emissions, the latter a telephony station having a con¬ 
tinuous-wave carrier. These stations gave comparable 
field strengths at Slough, and Fig. A shows that the 
downcoming angles of the signals from the two stations 
were practically identical, despite the fact that different 
types of transmitting-aerial systems are believed to be 
in use at the two stations. The difference in the early 
part of the period shown in Fig. A is effectively within 
the limits of experimental error, while later the two 
curves are still more closely identical. Mr. Eckersley 
has referred to our measurements by means of short- 



duration pulse signals, and to the possibility of there 
being more than one downcoming ray. A programme 
of observations on such pulses from Lawrenceville has 
been in progress for some time and is giving us consider¬ 
able information as to the number of rays present and 
their respective strengths. As the subject calls for 
considerable work at different times of day and at 
different seasons, as well as on the different wavelengths 
employed at the various times, a comprehensive report 
will not be available for some time. 

Mr. H. L. Kirke; The author brings to light two 
important factors which have not been described pre¬ 
viously. These are: (1) the proof that the vertical polar 
diagrams agree substantially with the observed signals, 
and (2) the fact that the changes in transmitting angle 
do mot affect the downcoming angle. All the aerials 
which he describes have radiators spaced |-wavelength 
between the conductors and presumably have the same 
phase of current in each radiator. Has the author 
considered the question of using other spacings or other 
phases ? Whereas the , actual angles which have been 
deduced from the measured field-strength ratios in the 
calculated polar diagrams vary between 71|-° and 81° 
it would appear from Table 5 that if, the difference 


in signal strength is a sufficiently accurate guide for 
the deduction of the angle and the actual path of 
the wave from the transmitter, then it could also 
be used to show that the downcoming angle at the 
receiver is affected by the transmitting angle. If 
in Table 5 instead of averaging the deduced value of 
optimum transmitted angle one takes the average of 
each pai-ticular aerial at different times, one finds that 
for the 2-tier aerial I- wavelength above the ground the 
average angle for the four tests was 74'5°, that for 
I wavelength high was 76 -4°, and that for 1-| wavelengths 
high was 79*5°. While these figures do not agree with 
the other evidence that has been produced to the effect 
that the average angle is not affected by the maximum 
radiation angle of the transmitter, nevertheless it does 
look as if something of that sort is happening. Alterna¬ 
tively it could be deduced from Table 6 that for the time 
period 1324 to 1400 G.M.T. the path taken was at a very 
high angle to the vertical for the and l'}-wavelength 
conditions as compared with the other conditions. 
I am very interested in the question of vertical aerials, 
because of the results that we have obtained by comparing 
high horizontal aerials with low vertical aerials and a 
high vertical aerial with a high horizontal aerial. In 
the latter case the result was greatly in favour of the 
horizontal aerial, probably owing to the fact that our 
feeding conditions to the vertical aerial were not satis¬ 
factory and that there was a possibility of coupling of 
the vertical aerial to the mast from which it was supported. 
I should like to know the author's opinion, as to the 
difference between the vertical and the horizontal aerial; 
whether it is a question of greater earth losses in one 
case than in the other, or of the different polar dicigrams 
of the two types. I was interested in Mr. Herd's remarks, 
in view of the measurements that were made by the 
Radio Research Board at Slough in the summer of 1933 
between Lawrenceville and Drummondville. In this 
case the difference in angle was very great, but the 
difference in bearing was only about 7°. The difference 
in bearing could affect the results on account of the 
closer proximity of the one path to the magnetic pole 
than the other. Despite the fact that the two aerials 
on which Mr. Herd made measurements were entirely 
different, the downcoming angles were apparently the 
same. 

Mr. J. S. McPetrie: I am interested particularly in 
that part of the paper dealing with reflection at the 
earth. The author, following Wilmotte and myself, 
denotes the complex reflection coefficient by the expres¬ 
sion [K — jKj). The negative sign in this expression 
necessitates the two terms and given on page 545 
having opposite signs. This point is not at first obvious, 
and certain, workers have assumed both d^ and rL to be 
positive with the result that they obtain an error of 
TT in the computed phase of the reflected wave. If the 
reflection coefficient were represented by (J£ -J- yjL), 
however, this confusion would not exist, as both d, and 
^2 would then be positive quantities. Fig. 2 shows the 
vertical section of the polar diagrams of a I-wave 
aerial for two sets of earth constants. Throughout the 
paper tlm author is dealing with large angles of incidence. 

or such angles, in the region of 80°, would There be 
much difference between the computed curves and that 
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obtained when the earth is assumed to be a perfect 
reflector? ■ If there is no great alteration in the polar 
diagram for such large angles of incidence, the earth could 
have been assumed throughout the paper to be a perfect 
reflector without affecting the author’s deductions and 
with much simplification in the analysis. The earth’s 
approximation to a perfect reflector, of course, would 
not apply for cases in which the angles of incidence 
are, small. Wilmotte* has shown that maximum 
directivity is obtained from a given aerial array when it 
has greatest spread in the plane perpendicular to that 
in which the beam is required. The author has proved 
conclusively that for long-distance communication this 
direction is almost horizontal. In this case the aerial 
array should lie approximately in the vertical plane 
perpendicular to the direction of the receiver. The 
arrays designed by the author lie in the vertical plane, 
and should therefore conform very nearly with the ideal 
design for distant transmission. 

Mr. H. Dewhurst: We at Farnborough have experi¬ 
mented for some years with simple arrays. We are more 
particularly interested in reception over a band of 
frequencies, and have been somewhat intrigued with the 
possibilities of long tilted wire antennas displaying 
aperiodic characteristics. The horizontal diamond an¬ 
tenna due to Bruce is of this type, and it combines small 
cost with ease of erection, balancing, and maintenance. 
The omission from the paper of comparative data 
dealing with these antennse is somewhat disappointing. 
It would appear that for moderate gains the diamond 
antenna compares very favourably in regard to cost with 
those mentioned by the author. Turning to Fig. 41, 
I should prefer the hypothetical standard in the matter 
of gain to the one in which the standard aerial gives a 
lobe at an angle which is not necessarily the one required. 
The angle that the lobe makes is a function of height of 
aerial above the earth. I think that one should define 
the obtainable gain in such a way as to make the effect 
of the earth substantially the same on both the array and 
the comparison standard antenna. The effect of proxi¬ 
mity of the earth on the radiated field strength is obtained 
by multiplying the characteristic of either in free space 
by the same factor, I imagine that for a moderate 
gain—-of the order of 12 decibels—giving a vertical 
downcoming angle of 78° on 20 m, one could erect a 
Bruce diamond array for considerably less than £400, 
the cost of the corresponding array of the type mentioned 
in the paper. By raising or lowering the two ends of 
the long major axis of these horizontal diamond arrays 
it is possible to vary the vertical directivity diagram by 
a few degrees without substantially altering the horizontal 
directivity diagram. Supposing, for example, that the 
array has been erected 'So as to give a vertical angle of 
75°, and the two ends are then raised or lowered by 1° 
or 2°; if the required station comes in at much greater 
strength it is almost only a question of looking at the 
array to obtain a more accurate estimate of the down¬ 
coming angle. 

Mr. A. J. Gill: I do not agree with the adjective 
“sensitive” as applied to the field-strength measuring 
set mentioned in Figs. 15 and 16. Regarded as a local 
field-strength measuring set for use in a transmitting 

• I.JK.S., 1928, Vbl. 66, p. 955, 


station it is fairly sensitive, but its sensitivity does not 
compare with that of one for measuring fields of a few 
microvolts. As regards the measurements at Slough 
on the height of the Heaviside layer, the point at 
which the reflection occurs will be 900 km from Slough. 
Does the author think the height of the Heaviside layer 
would be the same at the point of reflection as it is at 
Slough ? With regard to the author’s deductions as to 
the rnost favourable angle of transmission, one cannot 
fail to be impressed with the care which has been exer¬ 
cised in checking and allowing for every possible variable 
which may influence the correctness of the results. If, 
however, there are factors which have not been taken into 
account or to which wrong values have been assigned, 
the usefulness of the experiments to the radio engineer 
as far as they determine the arrangement of antenna 
elements to give optimum signals is not diminished by 
any possible inaccuracies in assumptions necessary to 
the computation of the angles of transmission. 

Mr. L. B. Turner: The first and almost the last time 
I met the author was at Abu Zabal, Egypt, where he 
was erecting a large single antenna supported on many 
masts, to work from a Poulsen arc at a wavelength of 
thousands of metres. How times have changed in the 
world of wireless communication is illustrated by the 
fact that he now erects sets of 100 antennae and upwar4s, 
supported between two masts and worldng on wave¬ 
lengths of a few metres. 

Mr. C. E. Strong: An outstanding feature of the 
paper is the comparatively small changes in the field 
obtained by the variations in height mentioned by the 
author. The main question is, how can the information 
which he has obtained be applied to reduce selective 
fading ? If we could get a sufficiently sharp beam in 
the vertical plane, and if it also turned out that the 
angles of the two paths or two groups of paths in the 
case of wide band transmissions (assuming there were 
only two) arriving at the receiving station were sufficiently 
separated to enable only one of them to be picked up, 
we could immediately reduce selective fading by having 
an antenna at the receiving station whose vertical 
angle could be varied. 

Mr. C. S. Franklin [communicated ): The best angle 
of elevation for the beam has always been a controversial 
subject, particularly, in regard to the limits between 
which it may vary. I have specified a very large 
number of arrays duringHhe past 10 years, and have 
established a practice of projecting the beam, some 8° 
above horizontal for distant services, increasing to about 
18° for nearer services. The paper appears to support 
this practice fairly well. I should like to have seen in 
the paper more information regarding the evidence 
obtained by the cathode-ray oscillograph. With regard 
to the comparison of open twin transmission lines and 
the concentric-tube t37pe, it is interesting to note how 
satisfactory it is claimed the open twin line can be. It 
would have been more interesting still if a few figures 
had been given showing the amount of pick-up obtained 
when by chance the line is unbalanced, and how critical 
the balance has to be. I was responsible for the introduc¬ 
tion and design of the concentric-tube feeders for the 
Imperial beam stations. The open twin type of feeder, 
although it could be more efficient and cheaper, was 
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not then adopted because experience showed that the 
balancing of the lines was critical and would not remain 
constant. The reliability of the concentric-tube feeder 
was much greater. Other organizations besides the 
Marconi Co. have since adopted the concentric-tube 
feeder, and I believe it still remains the most reliable 
type. 

Prof. J. Hollingworth {communicated): I am very 
interested in the values obtained by the author for the 
angles of incidence of long-distance transmissions, as I 
have always thought that these angles were smaller than 
some experimenters had anticipated. This belief has 
been confirmed in many cases by my own observations. 
While the author’s results are quite definite on the 
practical side as regards the best angle of projection for 
which a transmitting system should be designed, they 
raise one or two points in the theory of propagation which 
call for some comment. Referring first to Table 5, in 
test 5 the individual values of the angle in successive 
observations varied from 69° to 80-5°. I should like 
to ask whether this variation is to be regarded as instru¬ 
mental or as real (i.e. propagational). If instrumental, 
it seems that the mean value obtained, 76'9°, must be 
subject to an appreciable factor of error; if propagational, 
that considerable changes must have been taking place 
in the layer. Now although this mean angle may fit 
in with a definite number of steps it is difficult to make 
this same number of steps cover individual readings 
without assuming either large variations in the layer 
height in short periods, or a rather more complex mode 
of propagation. Of course, in work of this nature the 
“ possible ” heights of the layer (i.e. those lying within 
the extreme limits which have been directly observed 
at various times) permit of so much latitude that a 
“possible” explanation is almost always obtainable. 
I feel that such angle measurements should always 
be accompanied by a simultaneous observation of the 
layer, and I am hoping to start some experiments on 
these lines shortly. I fully agree with the author that 
tests such as the German ones over a distance of about 
1 000 km are so limited by what may be called geometri¬ 
cal factors that the mode of propagation may be quite 
difierent from that which holds over longer distances. 

I shall therefore confine myself to the American and 
Teneriffe tests, and I should like to put forward an 
alternative suggestion. In each case the lower angles 
which arise are assumed in the paper to be due to one 
skip more than the higher ones. Now if a ray only just 
passes through the E layer it will emerge from the top 
nearly horizontal, and will only regain its original direc¬ 
tion if the ionization between the layers falls to zero. 
There is, however, considerable evidence that this is not 
the case, and that the ionization in this region is approxi¬ 
mately the same as that at the top of the E layer. If 
this is so, the propagation with the low angle of incidence 
proceeds with the same number of skips as the others, 
but does not become parallel to the earth's surface until 
it has emerged from the E layer. Practically, of course, 
this makes very little difference, and in the case of waves 
of about 20 m the possible amount of bending by the 
E layer is small; but my experiments on 50 m at a 
distance of 2 600 km have definitely shown that an angle 
of incidence of 30° is possible in such cases. The impor¬ 


tance lies in the fact that if propagation is of this form- 
it is the intensity of ionization of the E layer rather than 
that of the F which is the critical factor in determining 
whether a transmission can " get through.” The few 
experiments I have made show that abnormal angles of 
incidence are associated with abnormal values of the E 
layer, not of the F; but the results are at present too* 
few to be conclusive. As regards the paragraph on 
page 662 as to the tilt of the layer affecting the receiving- 
angle, I find this difficult to follow as the only point 
on the path at which the phenomenon could produce 
any effect is the actual spot at which the ray strikes the 
layer. I rather attribute it to the fact that during these 
hours the ionization of the E layer is steadily increasing, 
so that a ray reaching its upper surface at nearly grazing- 
incidence would suffer an increasing amount of bending 
and consequently the received angle of incidence would 
decrease. 

Prof. L. S. Palmer {communicated ); The author’s 
extensive series of experimental measurements by which 
the most suitable angle of elevation of the a.x;is of the 
main lobe of radiation was measured and by which the 
factors controlling this angle were determined, is of 
particular value to designers of short-wave beam stations; 
but his discussion of the economic aspect would have 
been of greater value had a more economical form of 
antenna array been used for the experiments. The 
author has considered how to make his particular 
aerial array radiate most effectively; would it not have 
been better to have considered first the most economical 
design of aerial array with which to experiment ? I do 
not think that this has been done. From the cross- 
connections shown in Fig. 12 it appears that the author 
has considered the phasing of the currents in the several 
dipoles and has so designed his tier that the e.m.f.’s in 
the antennae due to the direct input from the transmitter 
are correctly phased for radiation perpendicular to the 
plane containing the antennae. These “ direct ” e.m.f.’s. 
are not, however, the only ones which produce the 
current in the aerials. The “ indirect ” e.m.f.’s due to 
re-radiation from adjacent dipoles are of such magnitude 
that their effects cannot be neglected compared with 
those of the “ direct ” e.m.f.’s. The phase difference 
between the e.m.f. in one dipole and the indirect e.m.f.. 
produced by it in an adjacent dipole depends on the 
ratio of the distance between the dipoles to the length 
of the wave, and when this ratio is 0 • 6 (the value adopted 
by the author) the direct and indirect e.m.f.’s in any one 
dipole do not reinforce each other. Consequently the 
apparent admittance of the dipole and the efficiency of’ 
the tier of dipoles are not as great as they might be. 
The same question is involved in the discussion (pages. 
570 and 571) on the position of the reflectors behind the 
antennae. I notice that on the former page the distance- 
is referred to as “ about I wavelength,” and on the 
latter page as “ appi'oximately ^ wavelength.” Thi.s. 
seems to suggest that the author suspects some dis¬ 
agreement with the old theory, which required the-' 
distance to be exactly ^ wavelength. In view of the- 
distance employed, it is not surprising that the gain 
arising from the use of the reflector curtain is only 
3 decibels. Dr. Smith-Rose raised this question in. 
December, 1930, in the'course of the discussion on the 
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author's earlier paper,* The reply then given was that 
“ when it was ascertained that a 12 :1 ratio of front 
to back' field strength was obtained with a quarter of 
a wavelength spacing, it was considered of little economic 
importance to proceed further with the matter.” These 
two questions, namely the spacing between the antennae 
and the spacing between the antenna plane and the 
reflector curtain, have been much discussed by inde¬ 
pendent workers in Germany,f America, J England, § and 
Japan, II and all these investigators have come to the 
conclusion that the distances used in this work are not 
the best either in theory or in practice. I should 
therefore be interested to know whether the author has 
any theoretical or experimental support for retaining 
the spacings of half a wavelength between the antenna 
and a quarter of a wavelength between the antenna 
plane and the reflector curtain. This point does not 
affect the value of the present paper. It merely indicates 
that when the best form of array is suitably operated 
after the manner suggested bj^ the author, the resulting 
gains should be considerably greater than those indicated 
in Figs. 35 and 36, with a consequent decrease in the 
necessary power input to produce the required field 
strength at any given point. 

Dr. T. Walmsley {in reply ): Several speakers have 
suggested that the investigations covered by the paper 
could have been extended in several respects. I do not 
deny that extensions might be desirable, but I would 
point but that a lengthy period has already been devoted 
to the investigations and that the paper is already 
very long. 

With regard to Col, Angwin’s remarks about the slides 
showing the radiation characteristics of transmission 
lines, the subject matter of these slides is contained in the 
paper, the difference being that the verbal and the 
written method of presentation were not the same. 
I hope to deal more thoroughly with this matter at 
some later date in another publication. Concerning the 
optimum angle of radiation from vertical radiators, as 
far as has been ascertained it appears that this is very 
much the same as when horizontal radiators are used. 
Col. Angwin’s assumption that the angle of maximum 
radiation is almost horizontal is, in general, correct. 

Mr. Ashbridge dwells upon the particular conditions 
applicable to the Empire broadcasting service and 
stresses the difficulties of obtaining the most economical 
angle of projection or reception at places located at 
different distances from the transmitter. His remarks 


about the greater effectiveness of horizontal dipoles as 
compared with vertical dipoles are interesting and there 
is little doubt that the extra effectiveness of the former 


is due to their having, firstly, better vertical character¬ 
istics for his particular purpose, and secondly, greater 
radiation efficiency. Mr. Ashbridge expresses surprise 
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with regard to the Pontoise station. I have no informa¬ 
tion regarding dimensions of the aerial. I agree that 
in general for long-distance transmissions high horizontal 
aerials give the best results, but it is pointed out in the 
paper that there is an optimum height. Mr. Ashbridge 
inquires what is the effect of the intervening earth upon 
the value of the received field. In my view, the effect 
is quite overshadowed by other considerations. It is 
well-known, for example, that east-to-west transmis¬ 
sions to America are not so consistent as north-to-south 
transmissions to South Africa, although in the former 
case the sea intervenes and in the latter the ground path 
is almost entirely earth. 

Mr. Eckersley holds the view that unless there is one 
predominant ray, the method of raising aerials gives 
inaccurate results. It must be emphasized that the 
primary purpose of the tests was to obtain data for the 
design of commercial arrays and to ascertain to what 
extent height above ground was desirable. In showing 
that there is an optimum height dependent upon dis¬ 
tance, conditions of the ionosphere, and other factors, the 
primary object of my investigations has been achieved. 
Regarding the question of optimum angle of propagation, 

I agree that the ideal condition for accuracy in the 
inferences is that one predominant ray shall be received. 

I hold the view, however, that the method of raising 
aerials by successive stages, and plotting the resultant 
measured field against the calculated curve, as described 
in the paper, can yield reasonably accurate results. The 
method enables a continuous curve to be plotted and so 
reduces the chance of faulty deduction due to the inac¬ 
curacy of individual observations. In effect, the method 
is equivalent to testing with a very large number of 
aerials having different vertical radiation characteristics. 
Thus if the received energy is due to several rays entering 
the transmitting aerial at different elevations separated 
by wide angular difference, there will be an averaging 
effect, since the ratio of the strength of individual 
signals will vary widely between the lowest and the 
highest position of the aerial. As already explained in 
the paper, however, when transmitting aerials having 
very different vertical radiation characteristics were 
compared by alternately energizing them with pulses, nO' 
great difference in the received pattern could be appre¬ 
ciated. The inference can therefore be made that since 
during pulse tests this wide variation was not observed 
as a concomitant of the type of transmitting aerial, the 
greatest portion of the energj’’ that reached the receiving 
station was emitted within the confines of a very small 
angle at the transmitting aerial. Thus Mr. Eckersley’s 
apparent assumption, that when four or five rays are 
received these have their counterpart at the transmission 
aerial emitted at elevations having considerable angular 
differences, does not appear to be justified by the evi¬ 
dence. Mr. Eckersley quotes the results of tests by^ 
Friis and his colleagues on the downcoming angles of 
individual raj^-s during pulse tests. Four rays separated 
by 16-6° between the lowest and the highest were 
■ observed during one of the tests. These results do not 
give a complete picture, since frequently the angular 
separation between individual pulses is only 1° or 2°. 
Recent tests made at Slough of American pulse emissions- 
confirm the fact that individual received rays of com- 
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parable magnitude have usually a very small angular 
separation. It is interesting to note that the Rugby 
aerial, the emissions of which Friss was obseiving, has 
a main vertical lobe of radiation 16’5° wide measured 
about 7 decibels down from the maximum value, and 
that its axis makes an angle of 76° to the vertical. The 
other lobes are of small amplitude. As regards trans¬ 
mission lines, Mr. Eckersley refers to my statement that 
the radiation losses from each element of line are not the 
same, the radiation being less in the middle and greater 
at the ends. This statement is dealt with elsewhere* and 
does not form part of the arguments put forward in the 
paper. 

I agree with Mr. Herd that our knowledge of the 
mechanism of long-distance' propagation is inadequate, 
and I am of the opinion that many of the present ideas 
on the subject will be modified as the result of further 
investigations. The observations which are at present 
being conducted at Slough should throw additional light 
on propagation problems. Mr. Herd is wise in deferring 
a comprehensive report upon this subject until more work 
has been done. 

Mr. Kirke raises the question of using other spacings 
and phases in radiators. Regarding the spacing, the 
|-wavelength is a convenient value for feeding purposes, 
but some tests have been made with other spacings. The 
results are such as would theoretically be expected and 
in general give no practical advantage. Tests have also 
been made by reversing the phase of radiators in arrays. 
These tests disclosed nothing which could not have been 
anticipated on theoretical grounds. Mr. Kirke draws 
attention to the fact that according to Table 5 the 
deduced angle of projection was highest when the 2-tier 
aerial was Ij- wavelengths above ground and lowest 
when the aerial was J wavelength high. My view on 
this matter is that the measurements made when the 
aerial was Ij wavelengths high give the more reliable 
results. The reasons for this view will be understood 
from an examination of Fig. 9. For the higher angles of 
projection, e.g. between 74° and 84°, the slope of the 
curve when = ^-A is much steeper than for either the 
h = |-A or the = |;A curves. Thus, for a given inac¬ 
curacy in the value of the received field, the error in the 
deduced angle would be least when the aerial was l|' 
wavelengths above earth. Wlien tests were made with 
two of the same type of 2-tier aerials arranged so that 
one was fixed at 1 wavelength above ground and the 
other was raised, no regular increase in the angle as 
the aerials were raised higher was observed. Examina¬ 
tion of Fig. 18 will reveal the fact that the angle was the 
same when the aerial was 1 wavelength high as when it 
was Sj wavelengths above ground. Mr. Kirke asks my 
opinion concerning the difference in results when vertical 
and horizontal aerials are used. In general the vertical 
aerial has less radiation efficiency than the horizontal, 
but the radiation characteristics in the vertical plane 
will usually be the predominant factor in long-distance 
transmission. The kind of polarization does not appear 
to have a marked influence. 

Mr. McPetrie kindly pointed out to me, before the 
paper was printed, that the signs for K and (page 545) 
should be negative. The modification he now proposes 
* T. Walmsley: Philosophical Magazine, 1931 , vol. 12, p. 392. 


would remove the confusion of having d-^ and d^ opposite 
in sign. He rightly points out that large angles of 
incidence are dealt with throughout the paper and asks 
whether there would have been much difference in the 
results had the earth been assumed to be a perfect 
reflector. The reply is, of course, well known to the 
questioner—there would have been no appreciable dif¬ 
ference. But might not the angles of incidence have been 
small ? In this case the earth constants, as Mr. McPetrie 
admits, would have affected the deductions. 

Mr. Dewhurst’s enthusiasm for a certain type of array 
seems to have led him into error regarding the deductions 
to be made from Fig. 41. An array for 20 metres is not 
mentioned; interpolation between the 24 m and 16 m 
curves shows that the cost would work out at about 
£300 for a gain of 17-5 decibels above a standard half¬ 
wave aerial. For a 12-decibel gain array on 20 metres, 
wooden poles would be used, and the cost would be a 
small fraction of that given by Mr. Dewhurst. When 
the required gain of an array for 20-metre working 
increases from values of the order of 12 decibels to values 
around 17 decibels, higher structures are required and 
poles can no longer be used. There is thus a sharp 
increase in the price at this stage. Mr. Dewhurst 
appears to have great faith in the beneficial effect of 
raising the tails of his aerial. I suggest that something 
more than looking at the array would be required to 
reach reliable conclusions. 

Mr. Gill objects to the word "sensitive” as applied to 
the field-strength measuring set. The word must be 
taken in conjunction with the type and purpose of the 
apparatus to which it is applied. It cannot compare, of 
course, with the much larger and heavier sets used for 
measurement of very small fields, but in relation to the 
sets used previously for plotting polar diagrams of the 
field strength several wavelengths from arrays it can 
fairly be called sensitive. The term " height ” as 
applied to the ionized layer is apt to give wrong impres¬ 
sions. I have used it in the geometric sense as the 
equivalent height of a sharply reflecting surface. This 
simple picture is not actually realized in practice. The 
degree of penetration of a ray as a function of the angle 
of incidence enters into the question raised by Mr. Gill, 
but at a-distance of 900 miles approximately west of 
Slough the equivalent height would be expected to be 
about the same as above Slough. 

Mr. Turner dwells upon the great changes that have 
taken place in radio practice, I well remember the late 
nights he spent at Abu Zabal, trying to elucidate recep¬ 
tion phenomena, and I have a lasting recollection of 
building him in the desert an aerial 3 miles long which 
had to be patrolled to prevent the depredations of 
marauders! 

Mr. Strong states that the outstanding feature of the 
paper is the comparatively small changes in field strengtii 
obtained. This is not entirely correct. In the German 
tests (Fig. 24), for example, the field increased by 12 deci¬ 
bels when the aerial was raised from J wavelength to 
1 -| wavelengths above earth. 

With regard to the possibility of using a sharp beam 
to reduce fading, one of the objects of the tests was to 
investigate this possibility. A sharp beam might help, 
and there is some evidence of this when such beams are 
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used for reception. On the transmission side, for long¬ 
distance services it is not at all certain that a sharp 
beam in the vertical plane reduces the ratio of the 
strength of the received multiple rays, but more investi¬ 
gation of this matter is required. ' ■ . 

I am interested to learn that Mr. Franklin’s experience 
regarding the angle of projection of beams lends sup¬ 
port to my own conclusions. Mr. Franklin quite cor¬ 
rectly appreciates the necessity of a good balance on 
open-wire lines for reduction of the pick-up. The out- 
of-balance depends upon the type of array used and the 
insulation of the lines and aerial. The question is 
chiefly one of economics—-whether it is preferable to 
re-line up occasionally or to install the more expensive 
concentric-tube lines.; Regarding the pick-up of an 
open-wire line, a balanced 4-wire,line in square formation, 
having the diagonal wires cross-connected, is superior to 
a 2-wire line having the same order, of spacing between 
the wires. , 

Prof. Hollingworth raises the question of the cause of 
the variability of the angles shown in test 6, Table 5, 
and asks whether this variation is to be regarded as 
instrumental or as propagational. The answer is—^both. 
During these particular tests on the 13th and 14th 
August, 1932, the phenomena of tilting of the ionosphere, 
referred to on page 562, was experienced. Each day, 
when the tests started at noon, the angle of incidence at 
the American side of the radio channel was about 85°. 
This angle decreased towards the end of the tests to 
about 79°. The difficulty of obtaining an exact value of 
the incident field at the higher angle, using an open 
aerial, will probably account for the fact that the esti¬ 
mated transmitting angles on the 14th August, 1933, 
showed much greater variation during the first half of 
the test period than during the second half. Other 


remarks upon this matter have been made in answer to 
Mr. Kirke. Prof. Flollingworth’s ideas regarding the 
methods of propagation of waves serve to confirm my 
views, formed as a result of many pulse tests, that a 
simple explanation fitting all- the facts has not yet been 
evolved. 

Prof. Palmer doubts whether the type of array chosen 
is the most economical; I selected this particular type, 
after experience of many others, because it combined 
sirnplicity and ease of maintenance with relatively low 
capital cost. There are occasions when other t 3 rpes are 
preferable, but for ordinary practical purposes it is 
difficult to improve upon the type chosen. I fail to 
understand Prof. Palmer’s arguments regarding the 
efficiency of the tiers of dipoles. If the ordinary use 
of the term is intended, namely the ratio of energy 
radiated to energy supplied, it is not clear how the rein¬ 
forcement of the direct e.m.f. by the indirect will improye 
matters. The efficiency of the horizontal t 5 ?q)e of array 
(using the word in the above sense) is probably well over 
90 per cent and can hardly be increased. If, however, 
Prof. Palmer is thinking of efficiency in the sense of the 
greatest gain in the direction of maximum radiation for a 
given input, I agree that half-wave, spacing may not give 
the best results. With a commercial array, however, the 
advantages of half-wave spacings are considerable and 
the extra gain made possible by any other spacing is very 
small. I have proved this fact to my own satisfaction, 
both theoretically and practically. Regarding the posi¬ 
tion of the reflecting curtain, personal investigations have 
satisfied me that there is little to be gained by Increas¬ 
ing the distance from the directly energized curtain 
more than J wavelength. The words “ about ” and 
” approximately ” were used because the distance is 
not critical. 
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MEASUREMENT OF THE ANGLE OF INCIDENCE AT THE GROUND OF 
DOWNCOMING SHORT WAVES FROM THE IONOSPHERE * 


By A. F. Wilkins, M.Sc., Graduate. 

[From the National Physical Laboratory.] 


{Paper first received l^th January, and in final form 2nd March, 1934.) 


Summary. 

The paper describes a method of measuring the angle of 
incidence of downcoming short waves in which the phase 
difference between the e.m.f.’s in two similar horizontal 
aerials at the same height above the ground is determined 
from the trace on the fluorescent screen of a cathode-ray 
oscillograph, to the deflecting plates of which are applied the 
two aerial e.m.f.’s after similar amplification by receivers of 
the type developed at the Radio Research Station for cathode- 
ray direction-finding. 

As the main object in view is the measurement of the down¬ 
coming angles of 20-metre waves from Lawrenceville, New 
York, working on the radio-telephone circuit to London, the 
aerial system used is designed for most efficient operation on 
this wavelength: but it is found quite practicable to use it on 
wavelengths up to 64 metres and also for signals from direc¬ 
tions not widely divergent from that of the straight line at 
right angles to the aerials. 

The results obtained show that, over the period January- 
April, 1933, one main ray accompanied by other and smaller- 
amplitude rays is, in general, received at Slough from the 
20-metre Lawrenceville stations during their normal working 
period. The average angle of incidence of this main ray is 
72° (iheasured to the normal to the ground). 

Throughout the first four months of the year, the angle of 
incidence remained fairly constant over the working period, 
but, from about the beginning of April, 1933, the angle of 
incidence of the one main ray which was still present began 
to grow throughout the day. At the commencement of trans¬ 
mission, at noon G.M.T., the angle of incidence is of the 
same order as that obtaining throughout the day in the 

winter” months. The angle increases gradually until 
values of 80° to 86° are obtained towards sunset. A drop 
in average field strength of the transmissions has also been 
noted since April. 

The deduction that one main ray accompanied by smaller- 
amplitode rays is generally present in the downconiing 
radiation from Lawrenceville has been confirmed by the 
preliminary results of some short-duration 20-metre pulse 
transmissions from that station. 
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(1) Introduction. 

It is now customary in short-wave point-to-point radio 
communication to employ special antenna arrays both 
at the transmitter and at the receiver. Their use at the 
transmitter enables the required field strength to be 
produced at the receiver with the expenditure of less 
power, while their use at the receiver, by increasing the 
voltage applied to the grid of the first valve of the 
receiver, enables the necessary output to be obtained 
with less amplification and consequently better signal/ 
noise ratio. For the most efficient operation, arrays for 
transmission should be oriented so that the radiation is 
a maximum along the great-circle path joining the two 
points between which communication is to be effected; 
while, in the case of receiving arrays, signal pick-up 
should be greatest in this same direction. The trans¬ 
mitting array should also be arranged so that'the angle 
of elevation of the axis of the radiated beam is the most 
favourable for reception at the distant point. For a 
receiving array the signal pick-up should be a maximum 
at the angle of incidence of the dowqcoming waves. It 
was to facilitate the design of the most efficient array 
for the reception of the 20-metre telephone signals from 
Lawrenceville, New York, that the apparatus described 
in this paper was erected. 

Previous measurements of the downcoming angles of 
short-wave signals have been made by Friis,! Eckersley,J 
and Hollingworth.§ For measuring the angle in the 
case of 16-metre signals from Rugby, as received in the 
United States, Friis used two short vertical aerials spaced 
one-third of a wavelength apart in the great-circle direc¬ 
tion of the transmitter, each aericil being connected to a 
separate receiver. A third aerial, connected to a local 
source for beating with the incoming signal, was arranged 
on a straight line passing through the two aerials. After 
rectification and amplification, the beat-frequency e.m.f.'s 
from the two receivers, whose phase diilerence was 
simply related to the angle of incidence, were applied 
to the plates of a cathode-ray oscillograph. On account 
of the small spacing between aerials and the way in 
which the beating signal was fed into the latter, the 
phase difference between the e.m.f.’s applied to the 
oscillograph was small for lai'ge angles of incidence, and 
the resulting cathode-ray trace was a thin ellipse. The 
method was not very sensitive to change in angle of 
incidence when this angle was large. 

The method used by Hollingworth was a development 
of that used by Appleton and Barnett|| and by Smith- 
Rose and Barfield, U and consisted in recording simul- 
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taneously the variations of received signal strength on a 
vertical aerial and a loop aerial with its plane in the 
plane of propagation. It can be shown* that the ratio 
of the e.m.f. in the vertical aerial to that in the loop is 
proportional to the sine of the angle of incidence of the 
downcoming wave. This method of measurement is 
thus not very sensitive for large angles of incidence, of 
the order of those to be expected in long-distance trans¬ 
mission. 

In another scheme developed by Hollirigworthf the 
e.m.f.’s from the loop aerial and the vertical aerial 
were separately amplified and then rectified. The 
vertical-aerial e.m.f. is sin 9 times the loop e.m.f. [6 is 
the angle of incidence of the downcoming ray), so that 
if the loop e.m.f. is reduced to sin 9 times the e.m.f. of 
the vertical aerial, and if, moreover, the rectifiers have 
identical characteristics, then the rectified currents are 
equal in amplitude and may be connected in opposition 
to a galvanometer with no resulting deflection. If the 
ratio of the amplifier gains is known, the angle of inci¬ 
dence can be determined. This method, while sound in 
the case of one downcoming ray, breaks down in the 
presence of several rays as the effect of any one of them 
•cannot be completely removed, and interpretation of the 
records therefore becomes difficult. 

Another development of the loop-aerial and vertical- 
aerial method was also used for downcoming-angle 
measurements by Eckersley.f 

The present method is similar to that of Friis, but is 
more sensitive to changes of angle in the case of large 
angles of incidence. It consists essentially in measuring 
the phase difference between the e.m.f.’s produced in 
two similar and parallel horizontal aerials arranged with 
their centres preferably along the great circle joining the 
transmitter and receiver and their axes at right angles 
to this direction. The method of making this measure¬ 
ment will be described later. 


(2) Theoretical Considerations. 

The principle of the method is illustrated in Fig. 1, 
where A and B are parallel horizontal aerials under the 



influence of a wave incident at angle 9 in the direction 
E A, which is perpendicular to the aerials. The e.m.f. 
produced in each 'aerial is the vector sum of the e.m.f. 
produced by the direct wave (E A in the case of aerial A) 
and the e.m.f. produced by the wave reflected from the 
■ground (e.g. CA). No matter what the effect of the 
.ground on the resultant e.m.f. in the aerials may be, it 
is clear. that in a homogeneous wave-field this effect 

* See Reference (5). , 1;Ibid.,{Z). t Ibid., {2], 


will be similar for both, and the resultant e.m.f. s will 
be of equal amplitude but will differ in phase by an 
angle cf) = ( 2 ' 7 r/A)AE == (27rd/A) sin 9, where d is the 
spacing and A is the wavelength. 

If the direction of the transmitting station makes an 
angle tfs with the line joining the centres of the two 
aerials, the phase difference between the e.m.f.’s becomes 
(2rrdlX) sin 9 cos i/r. For values of nearly 90° it is evident 
that large errors in the deduced value of 6 will be caused 
■'■ by small errofs'’irt' the 'riie'a’Stirenlelit‘'6f *' ahd srtch 'an 

aerial system should not, therefore, be used in circum¬ 
stances of wide divergence from the “ broadside ” 
condition. 

Apart from tp considerations, the criterion of sensi¬ 
tivity of the method is the rate of change of phase 
difference be^tvi^een the aerial e.m.f.’s with angle of 



Fig. 2.—^La'wrenceville (WMF), wavelength 20*73 ni. 


incidence, i.e. which is equal to ( 27 rd/A) cos 9. 

For large angles of incidence the sensitivity can be 
raised by increasing the aerial spacing d, and, in the 
actual aerial system used, d(p}d9 is about 4° per degree 
of angle of incidence in the region 9 — 70° on 20 metres 
with a spacing of about 2 wavelengths (see Fig. 2). 

The sensitivity cannot, however, be increased inde¬ 
finitely by increase of spacing, as a limit is set by non¬ 
homogeneity of field round the aerial system (diversity 
effects). Although, on account of the number of 
variables to be considered, it is not easy to deduce from 
the behaviour of the apparatus to be described that a 
non-homogeneous field is of frequent occurrence, it is 
felt that 2 wavelengths is about the maximum safe 
spacing to adopt. 

(3) Experimental Arrangements. 

{a) Aerial System. 

As the measurements were to be performed in the 
first instance on wavelengths of some 20 metres, the 
system was designed for maximum efficiency on this 
wavelength. 
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The height of each aerial above ground was fixed at 
I wavelength, a convenient height from the erection 
point of view, and such also as to ensure substantial 
“ pick-up ” from waves of large angle of incidence. The 
distance apart is 2 wavelengths, a value chosen so as to 
give a reasonable sensitivity to small changes in angle of 



Fig. 3. 


incidence and also to minimize the mutual interaction 
of the aerials. The calculated relationship of phase 
difference between the aerial e.m.f.’s and angle of inci¬ 
dence 9 in the case of Lawrenceville WMF (20 ■ 73 metres) 
for the actual spacing of the aerials (41 • 6 metres) is given 
in Fig, 2. 

The lay-out of the aerial system is shown in Fig. 3. 
The aerials are 1 wavelength (20 metres) long, their 


is well known that = Z^Zy. Connecting a |-wave- 
length of line (section 1, Fig. 3) of 600 ohms characteristic 
impedance to the aerials causes the impedance as 
measured at the junction of sections 1 and 2 to become' 
600^/6 000 = 60/0° ohms. The ifiatching of this 60-ohm 
portion of the system to the 600-ohm lines (section 3) is 
then carried out by another quartet-wave line (section 2) 
whose characteristic impedance must be ^(Sd X 600) 
= 190 ohms; actually each conductor of the line ddnsists 
of two lengths of 0-08 in. diameter copper wire in 
parallel, as shown in Fig. 4. The ends of the main 
transmission line are brought into a hut situated at the 


A 


fTransinission i 
line ( 



B 


ITransmission 
line 


Receiving- hut 


Fig. 5. 


centre of the aerial system and are there connected to 
the receiving apparatus. 


(&) Receiving Equipment. 

From the foregoing outline it will be apparent that the 
essential principle of the method is the determination 
of the phase difference between the e.m.f.’s 'in aerials 
A and B of Fig. 1, This determination is effected by- 
means of the cathode-ray oscillograph using the method 
illustrated in its simplest form in Fig. 6. The e.m.f.’s 
applied to the plates of the oscillograph will be of equal 
amplitude but will have a phase difference (27Td/A) sin 9, 
and will therefore give rise to a trace on the fluorescent 



^ - 

0-08 diam. copper 




impedances measured at the position of connection to 
the transmission lines being 6 000/0° ohms approxi¬ 
mately. Quarter-wave impedance-matching lines, 
sections 1 and 2 in Fig. 3, are used for matching the 
aerial impedance to that of the main run (section 3) of 
transmission line, whose characteristic impedance is 
600/0° ohms. 

if Zs and Zy are the sending- and receiving-end 
impedances respectively of a transmission line J wave¬ 
length long whose characteristic impedance is Zq, tfien it 


screen of the oscillograph which will be an ellipse with 
major axis lying along a line making an angle of 46° with 
the axes of the oscillograph. The phase difference is 
then the angle subtended by the minor axis at the end 
of the major axis of this ellipse,* 

Considerable amplification has to be applied to the 
aerial e.m.f.'s before a suitable deflection of the electron 
beam can be obtained, and for this purpose amplifiers 
were used of a type developed at the Radio Research 

* See Reference (0). 
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Station in connection with the use of the cathode-ray 
oscillograph as a radio direction-finder. The principle 
of the amplifying scheme may be understood by reference 
to the schematic diagram of Fig. 6.* 

The e.m.f.’s at the receiving ends of the transmission 
lines are similarly amplified by two stages of radio¬ 
frequency amplification before being applied to anode- 
bend detectors. The grids of these detector valves are 
supplied with heterodyne e.m.f.’s of equal amplitude 
and phase through symmetrical connections from a 
common oscillator. From well-known principles, if the 
signal-frec 2 uency e.ni.f.’s have a certain phase difference, 
then the beat-frequency components of current in the 
anode circuits of the two detectors will have this same 
phase difference and their amplitude ratio will be the 
same as that of the original radio-frequency e.m.f.’s. 
The beat-frequency e.m.f.’s from the detectors are then 
amplified some 90 decibels before application to the 
deflecting plates of the cathode-ray oscillograph. If the 
gain and the phase rotation are the same in each amplifier, 
then the pattern obtained on the oscillograph screen will 



Fig. 6. 


give a true measure of the phase difference between the 
aerial e.m.f.’s. 

Originally a beat frequency of 2-5 kilocycles per sec. 
was employed and 3-stage amplifiers working at this 
frequency preceded the oscillograph. The band width 
of the amplifiers, measured 6 decibels down on the 
response curve, was 260 cycles per sec., and this fact, in 
addition to frecp.iency drift of • the beating oscillator, 
made it impossible to maintain the apparatus in correct 
adjustment for long periods. The narrow band-width 
also made it difficult to obtain results on the Lawrence- 
ville transmitters when these were working with " war¬ 
bling ” carrier, i.e. with the carrier frequency varying 
rhythmically some 200 cycles per sec. above and below 
the nominal frequency. 

The present amplifiers! consist of three stages using 
screened-grid valves and working at 100 kilocycles per 
sec., the amplified potentials then being passed on to the 
oscillograph through neutralized-triode stages capable of 
handling large potential-swings without overloading. 
These amplifiers give an overall gain of some 90 decibels 
and have a band width of 10 kilocycles. Their use has 
enabled the apparatus to be operated for periods of 

* For a fuller description of the principle of the present scheme see Reference 

t For a full description of these amplifiers, and also the narrow-band low- 
frequenov type, see Reference (7). 

VoL. 74. 


hours without requiring frequent adjustment; it has also 
enabled reliable results to be obtained on “ warbling ” 
signals, as the change of amplitude of the oscillograph 
trace with change of carrier frequency is now quite small. 

Provided that the input e.m.f. from an external signal 
is the same to each receiver and that the two receivers 
behave in exactly the same manner as regards phase 
and amplification, the resulting trace on the oscillograph 
screen should be a straight line inclined at an angle of 
45 to the oscillograph axes. In adjusting the receivers 
to obtain this condition the anodes of corresponding 
valves in each receiver are connected together. If, then, 
a 45° straight line is not obtained on the screen, it shows 
that the sections of the receiver between the anodes and 
the oscillograph are not matched, and adjustments must 
accordingly be made. This, process is carried, out 
throughout the receivers, and finally the transmission- 
hne ends are connected together. If a 45° straight line 
is obtained, the apparatus is correctly adjusted and may 
be used for determining the downcoming angle of the 
signal by removing the common connection on the 
transmission lines, provided only that the aerial and 
transmission-line systems are similar. Separate tests 
were made to establish this fact. 

(c) Tests on Aerial and Transmission-Line System. 

(i) A measurement was made to check the equality 
of pick-up on the system due to electric force parallel 
to the aerials, and also of the attenuation due to the lines. 
This was carried out by receiving the horizontally 
polarized wave produced by a low-power horizontal- 
aerial transmitter set up directly under the centre of 
each aerial in turn, the vertical distance between trans¬ 
mitting and receiving aerials being the same in each case. 
The transmitting aerial was set parallel to the receiving 
aerial and about 2 yards above the surface of the ground, 
so as to reduce the cancelling effect on the field of the 
transmitting-aerial image in the ground. On con¬ 
necting the aerials in turn to one of the receivers it was 
verified that the deflections of the cathode-ray spot 
were the same in both cases, 

(ii) A vertical-aerial transmitter was set up at a posi¬ 
tion on the line joining the centres of the two receiving 
aerials and at a distance of about 100 yards from the 
aerials. Under such conditions there should be no 
e.m.f. produced in either receiving aerial. Actually it 
was found that, on carrying the transmitter in a circle 
round one of the receiving aerials, there was a sharp 
drop of pick-up with the transmitter in the broadside-on 
position to the aerial. The pick-up was then about 
6 per cent of that observed in the end-on positioii, and 
much less than that obtained from the same transmitter 
with horizontal aerial set-up at the broadside-on position. 
This spurious pick-up may be attributed to pick-up on 
the transmission lines and direct pick-up on the receivers. 

The horizontal-aerial transmitter was placed at a point 
T (Fig. 3) along the line of geometrical symmetry of the 
system. With the receivers correctly adjusted as already 
described, it was found that the resulting trace on the 
oscillograph was a thin ellipse whose major axis was 
inclined at 46° to the oscillograph axes, showing that the 
aerial e.m.f.’s were of equal amplitude but had about 4° 
phase displacement. This phase error in the system 

38 
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will give rise to about 1° of error in the deduced angle of 
incidence in the region over which the system is used. 

(4) Experimental Results. 

Systematic observations of the three Lawrenceville 
telephone stations working in the 20-metre region 
(WMN, 20-69 metres; WMF, 20-73 metres; WMA, 
22 • 4 metres) and also of the Montreal telephone station 
(CGA, 22 ■ 58 metres) were made over the period January- 
June, 1933. 

For recording, the ellipse on the oscillograph screen 
was photographed on bromide paper (H and D 250) by 
means of a simple form of camera, satisfactory pictures 
being obtained with an accelerating voltage of 1 000 volts 
on the anode of the oscillograph. Fig. l{a) shows such 
observations made under average reception conditions 
on Lawrenceville (WMF), while Fig. 7{&) shows records 
obtained under similar conditions on Montreal (CGA). 




The major axes of these ellipses all lie approximately 
along a line making an angle of 45° with the oscillograph 
axes; the phase difference between the e.m.f.’s applied 
to the deflecting plates of the oscillograph, and therefore 
the phase difference between the aerial e.m.f.’s, is given, 
as has been stated, by the angle subtended by the minor 
axis at the end of the major axis, as shown in Fig. 7. 
For WMF the mean phase angle is 22°, corresponding to 
possible angles of incidence of 75°, 32°, 28°, or 2°; and 
for CGA it is 83-5°, corresponding to angles of incidence 
of 73°, 42°, 26°, and 70°.* For the case of WMF, and 
calling the aerial nearer the transmitter the west aerial, 
it may be said that the e.m.f. in this leads that in the 
east aerial by (360 d/X) sin d degrees. Now if the ray 
were arriving at an angle of incidence of either 75° or 
28°, the phase difference would be either 698° or 338°, 
i.e. the e.m.f. in the west aerial would lag on that in the 
east by 22°. For angles of incidence of 32° or 2° the 
e.m.f. in the west aerial would lead that in the east by 
22°. The phase relationship of the e.m.f.’s applied to 
the oscillograph plates is determined by observing the 

* calculating these angles of incidence for Montreal the difference between 
^ i transmitter and the direction of the line joining the centres 

of the ae^nals was neglected, as it produced only a small error in the deduced 
value of the angle of incidence. 


direction of rotation of the cathode-ray spot, either 
stroboscopically or by noting the variation of eccen¬ 
tricity of the ellipse, as the capacitance of one of the 
tuning condensers in the radio-frequency amplifiers is 
altered in a known manner. For WMF it is found that 
the west aerial e.m.f. lags in phase on that of the east, 
thus suggesting angles of incidence of 76° or 28°. 

Although there seemed to be little doubt that the 
larger angle was the actual value obtaining, a final 
decision was supplied by a test with the loop-aerial and 
vertical-aerial method desci’ibed briefly in Section (1). 
Apparatus for making an aural comparison of the e.m.f.’s 
produced in a loop aerial and in a vertical aerial (by 
rapidly switching each aerial in turn on to a receiver) 
was set up at a position well clear of any disturbing 
effect likely to be produced by the aerial system described 
in the paper. After the e.m.f.’s produced in both aerials 
by a locally-generated 20-metre ground wave had been 
equalized, it was found that the Lawrenceville signals 
were roughly of equal amplitude on both aerials, thus 
suggesting a large angle of incidence. If 28° had been 
the correct angle of incidence, the loop e.m.f. would 
have been about twice as great as the vertical-aerial 
e.m.f., and a marked change of signal intensity .would 
have been noted on switching over from one aerial to 
the other. 

It may be noted that Eckersley* found that the angle 
of incidence of American stations received in England 
rarely fell below 70°. 

From what is known about the reversibility of the 
ray-track in long-distance propagation, j’ it seems likely 
that the angle of incidence of the received ray is approxi¬ 
mately the same as the angle of elevation (measured to 
the normal to the ground) of the main beam from the 
transmitter. It is interesting, therefore, to note that 
Walmsley,J by varying the angle of radiation in the 
vertical plane of the main beam from a 20-metre trans¬ 
mitter at Rugby, found that the strongest signals were 
received in America for an angle of radiation of 80° to 
the vertical. 

During the first 4 months (January-April) the be¬ 
haviour of the cathode-ray traces was very similar from 
day to day. During magnetically quiet days and when 
the signal was at its maximum value during fading, the 
trace was an ellipse whose major axis rocked about 6° on 
either side of a line making an angle of 46° with the 
oscillograph axes. The fact that the mean angle of 
inclination of the major axis is 45° and that the eccen¬ 
tricity of the ellipses changes slightly suggests that, for 
these stations, there is one main ray incident on the 
aerial system, the rocking of the ellipse being probably 
due to the influence of other and much weaker rays of 
varying phase with respect to the main ray. The 
presence of these secondary rays is more readily notice¬ 
able when the main ray fades to a value comparable 
with that of the secondary rays; the ellipse then becomes 
more agitated and exhibits rapid changes of eccentricity. 

On several occasions during the period January-April 
the average signal intensity of these American signals 
became very low and the behaviour of the ellipse was 
comparable to that observed on quiet days at the times 
when the main ray had faded to a low level. Under 

* See Reference (2). f IMd.,p. 624. { See reference (8). 
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such conditions no angle-of-incidence measurements 
were possible. It was always found that this behaviour 
coincided with a magnetic storm. 

Towards the end of April there was a marked change 
in the diurnal variation both of angle of incidence and 
of field strength of all the transmissions. Whereas 
throughout the “ winter " months of January to April 
the angle of incidence remained fairly constant over the 
transmitting period, as is shown in the typical case of 
Fig. 8 , from the end of April there was a definite increase 


during January-April, 1933, was some 30 microvolts 
per metre,* and the variation from this value was not 
considerable except shortly after sunset at the receiving 
end and during magnetic storms, when reductions in 
intensity were noted. After the middle of April a fall 
in strength to a value round about 10 to 15 microvolts 
per metre was observed. No systematic variation of 
field strength was noticed; sometimes there was a rise 
of strength commencing roughly at ground sunset at 
Slough and closely followed by a sharp fall until signals 



1200 1300 1400 1600 

G.M.T. 

Fig. 8.—Lawrenceville (WMF), 10th January, 1933. 


in angle during the day. Examples of this for one of the 
Lawrenceville stations and also for Montreal are shown 
in Fig. 9, where it will be seen that at the commence¬ 
ment of transmission in the morning (at a time when the 
mean density of ionization in the ionosphere over the 
path of propagation is low) the angle of incidence is 
nearly at the “ winter ” value. As the density increases, 
the waves will be returned from a lower level in the 
ionosphere and the angle of incidence will consequently 



Fig. 9.—Results obtained 25th May, 1933. 

—.Q, — O— Montreal (CGA), 22*58 m. _ 

- Lawrenceville (WMN), 20*59 m. 


’become' larger. This is probably the explanation of the 
rise of tingle actually observed. The small variation in 
angle observed during winter (see Fig. 8 ) may be explained 
■ as being the result of the fact that the diurnal variation 
of density of ionization is smaller for winter than for 
summer. 

In addition to this change in angle of incidence, there 
was a rediuction of mean field strength. The average 
daily field strength for the Lawrenceville stations 


became “ uncommercial.” At other times the strength 
varied in an erratic manner throughout the day. The 
fall in strength during “ summer ” months is no doubt 
due to increased absorption consequent on greater 
density of ionization in the E region of the ionosphere. 
It is most likely that the normal variation of field 
strength of these transmissions, in which tiie waves are 
probably reflected from the F region, is for the rising 
tendency to be exhibited during the evening at Slough 
in summer owing to the diminution of absorption in the 
E region as the ions start to recombine. The erratic 
variations observed on other occasions are probably due 
to some secondary effect. 

The deduction (based on the prevalence of ellipses 
whose major axes are inclined at 45° to the oscillograph 
axes and whose eccentricity is constant) that there is 
one downcoming ray whose amplitude is great in com¬ 
parison with other rays was confirmed by the preliminary 
results of some short-duration pulse transmissions from 
Lawrenceville on a wavelength of 20*73 metres. These 
transmissions, which consisted of periods of continuous- 
wave (C.W.) transmission followed by pulses, were 
received on the same aerial system and on one of the 
receivers already described, a circular time-base being 
used to obtain separation of the echoes in the case of the 
pulse transmission. Towards the end of one of the 
pr 0 liiiiinary C.M^. transmissions the cathode-ray trace 
was an ellipse whose major axis was very steady in 
inclination and eccentricity and whose size was varying 
relatively slowly (ampHtude fading). At the commence¬ 
ment of pulses, immediately after making this observa¬ 
tion, the echo group was found to consist of a number of 
small echoes at the beginning of the group, followed 
by an echo of about 10 times their amplitude, this echo 
being followed at the end of the group by one and some- 


* This is the field strength deduced from measurements made on one of the 
■rials used for the angle-of-incidenoe measurement, and is therefore the hon- 
intal component of electric force at right angles to the direction of propagation 
id at a height of 10 metres above ground-level. 


* 
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times two echoes of amplitude small in comparison with 
the main echo but somewhat larger than those occurring 
at the beginning. 

On another occasion the ellipse produced by the 
carrier wave was noted to be changing rapidly in eccen¬ 
tricity and was rotating considerably; it was apparent 
that there were two or more rays of comparable ampli¬ 
tude incident on the aerial system. This deduction was 
substantiated by the echo group obtained on the com¬ 
mencement of pulses when, as before, several small 
echoes were present at the beginning of the group and 
these were followed by two or three echoes of roughly 
equal amplitude. 

Wlaen receiving the normal telephony transmissions 
from Lawrenceville, the presence of more than one 
ray of considerable strength renders angle-of-incidence 
measurements impossible, but on pulse transmissions 
it becomes possible to measure the angle of incidence of 
all rays of sufficient amplitude to give a measurable 
deflection on the oscillograph. Adjustment of the two 
receiving sets in the manner described will result in 
each echo appearing as an ellipse on the oscillograph 
screen, each elhpse having its major axis inclined at 45° 
to the axes of the oscillograph. The application of a 
time-base will then separate the echoes (which now 
appear as envelopes of ellipses, owing to the drawing-out 
effect of the time-base) and enable the angle of incidence 
of each to be measured. Experiments with this measure¬ 
ment as object are at present being carried out.* 

* Coiifiim^ion of the angle-oWncidenoe values given here has recently been 
provided by T. Walmsley in a paper entitled “ An Investigation into the Factors 
controlling the Economic Design of Beam Arrays ” (see page C43), which was 
read before the Wireless Section of the Institution after the present paper had 
been written. ' r- r 

Results in good agreement have also been given by Friis, Feldman, and 
bharpless {Proceedings of the Institute of Radio Engineers, 1934, vol. 32, p. 47). 
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THE MEASUREMENT OF THE GRID-ANODE CAPACITANCE OF SCREEN- 

GRID VALVES. 


By T. loRWERTH Jones, M.Sc, 

[From the National Physical Laboratory.] 

{Paper first received l^h September, 1933, and in final form Qth January, 1934.) 


Summary. 

Two methods of measurement of the grid-a node capacitance 
■of screen-grid valves are described. 

In the first the working value of this capacitance is deduced 
from measurements of the change in the input capacitance 
■of the valve upon reducing the anode load from a known 
value to zero. It is necessary to know the amplification 
factor of the stage. A description of the bridge employed 
for its measurement is given in Appendix 1, 

The second method measures the grid-anode admittance 
with the filament cold. The result is obtained in terms 
•of the ratio of the readings of two voltmeters and the settings 
■of a variable air condenser covering a range of capacitance 
■over which it can be calibrated directly. 


except in cases of low insulation or of exceptionally low 
grid-anode capacitance, the admittance is determined 
almost entirely by the capacitance. Although the 
method is limited in this way in its application to derive 
an exact value of the grid-anode, capacitance, it may 
be turned to good account as a routine' test for the 
detection of valves which are defective as regards radio¬ 
frequency insulation. This is regarded as an important 
point. Such restrictions do not arise in the first method, 
which may be trusted to give the working value of the 
capacitance, while the second gives the value of the 
electrostatic capacitance between the electrodes when 
the insulation is good, and discriminates between valves 
of similar design with good and bad insulation. 


Introduction. 

The introduction of the screen-grid valve has con- 
rsiderably increased the stability of the radio-frequency 
amplifier and the level of possible amplification. This 
■improvement is attributable to the minuteness of the 
•coupling between the input and output circuits of stages 
provided with screen-grid valves, and is associated with 
the small value of the grid-anode capacitance in such 
valves. From time to time, methodsf of measuring 
this small capacitance have been described, but generally 
they have recjuired special apparatus, and in particular 
a micrometer condenser (for the calibration of which 
the investigator has relied upon computation). These 
.limitations have been avoided in the methods to be 
■described in this paper. 

The two methods are complementary. The first 
provides the means of measuring the grid-anode capaci¬ 
tance under working conditions. It measures directly 
the input capacitance of a screen-grid valve stage with a 
suitable load in the anode circuit. This quantity is 
important in itself, since it represents the load thrown 
by the stage on the stage immediately preceding it and 
■determines among other factors the stability of the 
amplifier; but for our present purpose the fact that it 
■consists of the product of the corresponding value of 
the e-ffective ampHfication of the stage and of the grid- 
.anode capacitance is utilized to deduce the latter from it. 

The second method is designed to measure the grid- 
anode capacitance with the filament cold. Virtually it 
measures the grid-anode admittance of valves; but, 

• The Papers Committee invite written communications, for consideration 
•with a view to publication, on papers published in the Journal without being 
aread at a meeting. Communications {except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
tthe paper to which they relate. 

•f See References (1), (2), and (3). 


First Method. Grid-Anode Capacitance Under 
Working Conditions. 

A few years ago the method of deducing the grid-anode 
capacitance of screen-grid valves from measurements 
of input impedance was suggested by the late Dr. D. W. 
Dye. It was investigated in the first instance by his 
colleague, Mr. J. E. P. Vigoureux, and later by the 
present author. Brief accounts of the early develop¬ 
ments were given in the Annual Report of the National 
Physical Laboratory for 1931. In the meantime the 
properties of screen-grid valves have been considerably 
modified, involving a progressive lowering of the capaci¬ 
tance values and the raising of the amplification factors. 
The method described in those reports presented certain 
difficulties, and a few minor modifications became 
necessary to cope with the changed conditions. The 
nature of the complications which arose will be made 
clear at a later stage in this paper. 


Theory of Method. 


The method makes use of the deduction made by 
Miller, t Nichols, J and Hartshorn, § that, owing to the 
effect of the capacitance [Gag) between the control-grid 
and the anode, the input impedance of thermionic 
valves varies with the load in the anode circuit. The 
expression for the effective input capacitance Gg given by 
Hartshorn is 


G(7 = Gfg + ^ag + llGag — [mRoP 


{R-{-Ra) — Xta.nS 
{R + Ba)^- + X^ 


ag 


. ( 1 ) 


where R and X are the two components of the external 
anode impedance, and is the loss angle of the anode- 
grid capacitance. 

•f See Reference (4). t Ibid.,{S). 


§ Ibid., {6). 
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When the load consists of a pure resistance, a tuned 
circuit, or a choke in resonance, having an effective 
resistance R, this reduces to the form 

~ ^fg + (^ag + [/^/(-^ + - • (2) 

the third term of which consists of the grid-anode 



Fig. 1.—Circuit for input capacitance measurements. 


capacitance multiplied by the effective amplification of 
the stage. 

It follows, therefore, that if, as in the earlier experi¬ 
ments, a choke forms the load in the anode circuit, and 
if the frequency be varied in the region of resonance of 
the choke, the effective capacitance Gg will follow a 
curve given by equation (1), and pass through a maxi¬ 
mum value at the resonant frequency of the choke, given 


zoo 


sso 


P<-i 

S' 

zoo 

O 

oo 

fSO 


too 

4SO 420 440 460 4SQ SOO 

Capdcitame Czi fifiT 

Fig. 2.—Change of capacitance Math frequency for five 
input voltages. 

sq^S'tion (2). If the choke is then shox't-circuited, 
the external resistance falls to a negligible value. The 
input capacitance falls as a result by an amount given by 

^^max.— Ra)\0^g ... (3) 

When it is borne in mind that modem screen-grid 
waives frequently possess voltage factors exceeding 1 000, 
•Hie use of chokes or tuned circuits with low decrements 
implies a high overall amplification and consequently 
grave risks, of overloading, even when only moderate 



input amplitudes are employed. Owing to the lower 
limit set to these amplitudes by the sensitivity of the 
resonance detectors, some overloading was inevitable. 
A direct result was the apparent dependence of the 
input capacitance and the amplification of the stage 
upon the amplitude of the input voltage. These 
effects are illustrated in Figs. 2 and 3. Steps had there¬ 
fore to be taken to reduce the anode load in order to 
keep the output voltage within reasonable limits, while 
still retaining tfie main features of the method. 

A fixed resistance of the vacuum type was therefore 
substituted for the choke, and the frequency was kept 
at a sufficiently low value to render the phase angle of 



Fig. 3.—^Voltage amplification of a tuned stage against 
input voltage. 

R = effective resistance of anode circuit. 

= 200 volts. 
egg = 80 volts. 

Og — — 1 • 5 volts. 


the resistance ■ of minor importance. Care was taken 
in mounting the resistance to keep the capacitance 
across its ends as low as possible.* It may therefore 
be taken to correspond with sufficient accuracy to the 
case given by equation (3), where the suffix " max.” may 
be omitted. Thus 

8(7 = . . . . ( 4 ) 

Equipment and Procedure, 

The arrangement adopted for putting these principles 
into service is depicted in Fig. 1. Two tuned circuits 
are indicated; the first is formed of a coil of inductance 
JDg and the total capacitance of the input circuit of 
the screen-grid valve. It is coupled to the second 
[Ly Gj), which controls the frequency of the radio- 
frequency oscillator. The removal of the effective 
resistance R from the anode circuit of the valve will alter 

* See Appendix 2. 
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the effective input capacitance by an amount SOg, 
given by equation (4). This may be done either by 
short-circuiting the resistance or by reducing the anode 
impedance to a negligible quantity by connecting a 
condenser of large capacitance across it. The method 
utilizes the second alternative, since it does not require 
readjustment of the anode-battery tapping. The two 
procedures were found to lead to the same result. In 
practice the factor fjMKIi -[- Rg) rarely exceeds 100, and 
this value should be borne in mind when choosing 
the anode resistance. In such a case an inter-electrode 
capacitance of 0 • 002 /x/aF would give rise to a change 
(SCg) of 0-2 fifiF in input capacitance, and would require 
an adjustment of that amount in if resonance was to be 
re-established upon short-circuiting the resistance. This 
cannot normally be observed on ordinary condensers to 
the necessary accuracy. By appropriate choice of the 
inductances L^, L^, however, capacitance adjustments 
of a larger order may be made by operating on the 
frequency of the oscillator. The necessary change 
S(7j required in the oscillator capacitance is related to 
the actual change in input capacitance (SCg) by the 
equation 


Also 




Tj R 

~ Li^R - 1 - Rg 


(5) 


By making = 100, say, a further magnification of 

100 is easily realized, and the observed change may 
amount to 20 /x/xF even in a difficult case. 

The voltage amplification of the stage is determined 
on an amplification bridge at telephonic frequencies. 
The factors L-JL^ and nRjiR -h Rg) are then known, 
and Cag is immediately deducible from the observed 
change, 8(7^. 

For the capacitance measurements, thorough screen¬ 
ing of the anode circuit of the valve is necessary. The 
valve is therefore mounted with the cap projecting 
into a metal box connected to the cathode, in which 
the re.sistance unit is centrally located. Condensers are 
provided across the battery sections connected to the 
grid, the screen-grid, and the anode. 

The input circuit was connected across the grid- 
filament circuit of a valve voltmeter, which was effec¬ 
tively screened. The galvanometer associated with 
the voltmeter gave a full-scale deflection for an input 
voltage of 0-15 volt (r.m.s.). The circuit of the volt¬ 
meter calls for no special comment. Some difficulty 
was found in keeping the voltage input from the oscillator 
into the coil ig below the above amount, owing to the 
preponderance of capacitive coupling. The capacitive 
coupling between the coils and was eliminated 
by surrounding the coil by a wire cage and by employ¬ 
ing concentric systems of leads with the outer casings 
connected to the screen box. These precautions also 
rendered the conditions independent of the movements 
of the observer. 

The capacitance consisted entirely of the input 
capacitances of the two valves and the capacitance 
of the insulated lead to the outer casing of the concentric 
system, and did not exceed in the aggregate 100/XjtxF. 
An accuracy of 0 -0001 /x/xF in Ggg therefore required an 


accuracy of 1 in 20 000 in the reproduction of the resonant 
frequencies of the input circuit and the setting of the 
oscillator capacitance to within 1 fjLjjF. This order of 
precision was attained in the following way. 

The tuning capacitance, Cj, of the oscillator was divided 
into three sections, a fixed portion and a variable por¬ 
tion (both always in circuit) and a fixed portion which 
could be connected or disconnected at will from a dis¬ 
tance by means of a tapping key. The latter formed 
such a proportion of the total as brought the deflection 
of the voltmeter at its inclusion in, or its exclusion from, 
the circuit, down on to the steep sides of the resonance 
curve of the input circuit. In an ideal case, when the 
deflection of the voltmeter remains unchanged upon 
depressing the key, it may be assumed that the resonant 
frequency lies midway between the corresponding two 
frequencies of the oscillator, and the capacitance setting 
corresponding to it differs by a constant amount from 
the setting of the variable condenser which is always 



Fig. 4.—’Effect of amplitude variation on 
resonance location. 

in circuit. If this condenser is set to re-establish equality 
of departure from resonance in the above manner, first 
with the anode load equal to R and then with the anode 
load practically zero, the change of reading will corre-;- 
spond to 8(7j in the formula. 

This is only strictly true if certain conditions have 
been observed. It demands similarity in the shapes of 
the resonance curves corresponding to the two observa¬ 
tions. This condition is easily satisfied by the resistance 
load, but a radio-frequency choke gave an unsymmetrical 
resonance curve when in circuit and a symmetrical 
one when short-circuited. 

The main source of trouble arises out of the fact that 
the inductive coupling to the voltmeter circuit is already 
small, and the inclusion of an additional capacitance 
in the oscillator circuit is liable to increase that coupling 
and invalidate the comparison of the deflections on 
either side of resonance. If curve {a). Fig. 4, represents 
the deflections of the voltmeter with added capacitance 
in the normal case, and curve (b) those when the fixed 
capacitance is connected, the maxima corresponding 
to resonance will occur at the same settings effectively, 
but the two equal deflections will occur one on (a) and 
one on (&), so that their midpoint does not correspond 
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with the true resonance setting. The effect will be 
worse the smaller the normal coupling from the oscillator. 
It can be brought to a minimum by reducing the loop 
formed by the leads to the tapping key and confining the 
residual loop to a plane in which the mutual inductance 
between it and the voltmeter circuit is negligible. The 
neglect of this factor leads to trouble when the damping 
is considerably different in the two cases met with in 
these measurements. 

No difficulty was obtained in securing constancy of 
frequency in the oscillator or steadiness of deflection in 
the voltmeter sufficient to enable satisfactory determina¬ 
tions of Gag to be made which could be repeated to 
0-0001/r^F. 

The voltage amplification of the screen-grid valve stage 
was determined by means of a low-frequency amplifica¬ 
tion bridge. A brief description of the apparatus is 
given in Appendix 2. The measurements should be 
made with approximately the same input to the valve 
as was used for the radio-frequency measurements. A 
method which measures change of phase as well as 
magnitude of amplification, while not essential, is useful. 
The value of measured should refer specifically to the 
fundamental frequency, and to that alone. In this 
respect total voltage-output measurements are unsatis-. 
factory when wave distortion is present. 

This method of measuring grid-anode capacitances 
was used for values extending from 0 • 002 to 0 • 1 fjifiF. 
In the latter case B was given a sufficiently low value 
to ensure that was of a convenient order of magnitude. 

Second Method. Grid-Anode Admittance with 
Filament Cold. 

In this method the ratio of the direct grid-anode 
admittance ^ag of a screen-grid valve, to that of a 
known capacitance Y, is obtained in terms of the read¬ 
ings of two voltmeters; the one giving the voltage V 
across the two admittances arranged in series, and the 
other the voltage v across the larger capacitance C 
alone. With perfect shielding, the following relation 
holds;— 

^ag = ^vl{V -v)^ Y{vlV) ... (6) 

which reduces, when the grid-anode conductance is low 
in comparison with the suspectance, to the form 

Oag = GvIV ■ . . . . . {^a) 

In practice, screening may not be sufficiently perfect 
to justify ignoring a small extraneous capacitance 
Ce (Fig. 6) in parallel with Gag] and the capacitance C, 
so far as it includes the input capacitance G^ of the 
voltmeter VV, may not be assumed to be known. 
The procedure adopted has to restrict the measurement 
to the direct grid-anode admittance and provide for the 
determination of and for the elimination of the 
capacitance Gg from the result. 

Theory and Procedure. 

The equivalent circuit is depicted in Fig. 6. The 
filament and the screen-grid are connected permanently 
to the screen, so that the capacitances of the grid and 
of the anode to these electrodes are thrown into the 


small capacitances Ggs and Gas respectively, shown in 
the diagram. Ggg is therefore tlirown across the source 
and Gas across the condenser C. In the circuit as shown, 
with the anode of the. valve connected to the insulated 
terminal of the condenser C and of the valve voltmeter 
VV, the following relation holds, where is the 
reading of the electrostatic voltmeter E V, and % that 
of the valve voltmeter, 

vJV^-=iGag + Oa)l{G + Gi-\-Gas) • - ( 7 ) 

If the anode be disconnected from the condenser C 
and be connected directly to the screen, 

^^^V2=-GeliG + Gi) .... ( 8 ) 

Equation (8) may be used to eliminate Cg from 
equation (7) and lead to a separation of Gag- The 
appearance of Gas H denominator of (7) complicates 
the situation slightly. The procedure adopted is to 
observe and plot a series of values of {V[v) for a sequence 
of settings of the variable air condenser C. 

A straight line is obtained giving an intercept on the 
capacitance axis corresponding to the values of the 


6 



Fig. 5.—Equivalent circuit diagram. 


quantities {G^ -f Gas) Gi respectively, for the two 
sets of observations. The values of these terms in the 
denominators having been determined, the value of 
(F/u) on each straight line corresponding to a convenient 
common value {G') of capacitance in the denominator 
is read off. 

Then = {Gag -H GJ/G' 

- GJG' 

whence Gag = G'[{vJVj) - {v^fV^)] 

In practice, Gi is normally of the order of 30 /r/xF and 
Gas is approximately 10 /x/xF. G' therefore never differs 
greatly from 60 /x/xF. The variable condenser, C, 
covered a range from 12 to 65|U./xF. With values of F 
in the neighbourhood of 460 volts, convenient deflections 
are obtained on the valve voltmeter previously desciibed 
even in the most difficult cases encountered. The ratio 
G'JGag may easily reach a figure of 20 000, 

Fig. 6 indicates the general arrangement of the 
apparatus. By the choice of suitable coils and close 
coupling to the oscillator, a fair step-up in voltage was 
obtained. The frequency of the oscillator was finally 
adjusted to bring the reading of the electrostatic volt¬ 
meter to a magnitude of the right order in relation to the 
valve-voltmeter deflection. 

Owing to the square-law scale of the low-reading 
voltmeter, it was found necessary to augment the small 
extraneous capacitance Gg in order to render the readings 
capable of accurate observation. A short length of: 
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wire, connected to the insulated terminal of V V and 
rigidty supported, served this purpose. 

The method requires a calibration of the valve volt¬ 
meter prior to use, and the accuracy attainable depends 
on the accuracy with which this calibration may be 
carried out. 

Results obtained on valves possessing very low grid- 
anode capacitances, of the order of 0-002ju./rF, by the 
two methods described in the present paper, agreed so 
closely that the discrepancy could be explained by the 
conductance due to an effective shunt resistance of the 
order of 300 megohms at 250 Idlocycles per sec. It is 
considered that this is a probable value for a good valve. 
Much lower values have been measured in inferior valves. 

The abilit}^ of the method to discriminate readily 
between the average valve and those in which the radio¬ 
frequency insulation is low, is considered to be a distinct 
advantage of the method. 
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Fig. 6.—Actual circuit diagram. 
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APPENDIX 1. 

The Measurement of the Voltage Amplification 
OF A Low-Frequency Amplifier, 


The bridge which was used for the measurements of 
the voltage amplification of a single stage is illustrated 



’ Fig. 7.—Stage-amplification measuring bridge. 


in Fig. 7. It is identical with the bridge originally 
developed at the National Physical Laboratory by the 
author for the testing of audio-frequency transformers 
and low-frequency amplifiers. It has the advantage 
that it measures the phase [f) of the output voltage as 
well as the ratio {vjvj. It also possesses the merit 
that the measurement is made for the fundamental 
frequency under observation, without regard to the 
harmonic frequencies. In cases where distortion is 
serious the value deduced from the total output may 
be very misleading. 

The arrangement consists of a potentiometer provided 
with an auxiliary earthing device. Of the similar 
potentiometer bridges which have been described, one* 
is without a Wagner earthing system and the otherl 
adopts an arrangement which differs from that described 
here. An earthing arrangement should be employed, 
and this should obviously aim at bringing the detector 
to earth potentiaT and at minimizing the effects of 

* See Reference (7). -f Ibid., {S). 
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capacitances to earth. The author’s scheme is the 
only ,one which possesses these merits. 

The main circuit consists of resistances, R, S, and s, 
together with the primaries of two mutual inductances, 
m and M. The input circuit of the amplifier is connected 
across R, which is of sufficiently low impedance in 
comparison to permit neglecting the current division. 
If the current in the primary circuit be I, the input 
voltage is then given by HI. The output voltage is 
balanced in the secondary circuit of the potentiometer 
by the voltage induced in the secondary winding of 
the mutual inductance M and the voltage drop in the 
resistance S, which includes half the resistance of the 
slide s. The output voltage is therefore equal to 
{jMoj 4- 3)1 when the input ancl output voltages are in 
opposition as shown in Fig. 7, and [jAIoj 4- /S' 4- B)I when 
they are in phase, in which case the common point has to 
be transferred to the opposite side of the resistance B. 

Thus 4- S'^)}B 

or -\/[jk?2co2 + {S + R)2]/R 

And tan (f> = McoJS, or Mci)l{S -j- B) 

The amplifier is enclosed within its own screen, which 
is connected to the common point of the input and output 
circuits. This is normally the common battery point. 
The leads of the bridge and its components are shielded 
by screens which are connected directly to earth. The 
detector is coupled to the secondary circuit through an 
intervalve transformer which is connected to the output 
terminal of the amplifier. This terminal has therefore 
to be maintained at earth potential. An auxiliary 
circuit is provided by the mutual inductance m. Any 
slight difference in phase angle of the two mutual in¬ 
ductances M and m is remedied by means of the 4-ter¬ 
minal sliding resistances. Two blocking condensers are 
introduced into the two detector leads in order to avoid 
any interference with the maintenance of the necessary 
steady voltage conditions in the amplifier circuits. 

The earthing system operates in the following manner. 
The Wagner detector may be brought to silence by 
adjusting m and s. When this adjustment is made, the 
common point of both detectors and the screened, 
amplifier is brought to earth potential. M and S need 
to be adjusted alternately with m and s before a state 
of balance is obtained simultaneously in both circuits. 
Ihe attainment of this state is indicated by simultaneous 
silence in both detectors. 

In practice it is advisable to keep the resistances R and 
S low in magnitude. The capacitance of the amplifier 
screen to earth is thrown in series with the secondary 
winding of the auxiliary mutual inductance m across 
the resistance S. At the higher frequencies this tends 
to introduce an error into the phase determination of 
the bridge which is larger the greater the value of S. 
For values of S below 1 000 ohms this effect is negligible 
up to frequencies of the order of 8 000 cycles per sec. 
In a normal case the inaccuracy of the bridge at this 
frequency is estimated to be less than I per cent from 
measurements made under different conditions. 

The bridge has found applications in the measurement 
of the characteristics of intervalve transformers, resis¬ 
tance-capacitance stages, and complete amplifiers; and in 
the measurement of the amplification factors and anode- 


filament resistances of valves under worldng conditions 
with resistances of any magnitude in the anode circuit. 
The latter measurement is of considerable interest since 
it utilizes measurements of phase angle. Considering 
a resistance-capacitance stage with external anode 
resistance B^ and internal resistance Ba, if a capacitance 
C be connected across the resistance B^ the values of 
the amplification of the stage before and after maldng 
the connection will be as follows:— 

Condenser off, = jjBeliBg 4- Ba) 

Condenser on, + Rail 4-yReC'w)] 

neglecting the small initial phase angles of the resistors 
Re and Ra- The phase displacement (A^) observed is 
given b^/^ 

tan (A^) = - [BeBaliBe 4- Ra)]Ccu = AMcoJS 
fx = [XyCSBjAM 

and IJBa = - (CR/AM) - {IfBe) 

Ba being known, fx is immediately deducible. 

These measurements present no difficulties at fre¬ 
quencies below 800 cycles per sec. Even dispensing 
with the earthing arrangement would not incur errors 
of more than a few per cent in Ba, and less in fi. 

The bridge unfortunately does not lend itself to 
measurements of large output amplitudes, since the 
current in the coils become excessive or the mutual 
inductances unduly large. For accurate measurements 
of smaller magnitude the bridge has proved satisfactory. 

APPENDIX 2. 

(Received %ih January, 1934.) 

The author has recently discovered that in some screen- 
grid valves the capacitance between anode and screen 
may be as high as 10 jxfxF. This capacitance {K) is thrown 
across the resistance {B) in the input-capacitance 
measurements described in the first section of the paper. 
The pure-resistance-load condition may therefore be 
violated in such cases, and some provision needs to be 
made to render the, anode load non-reactive. This can 
be most conveniently done by inserting a high-frequency 
choke in series with the resistance, at the anode-battery 
end, of an inductance L such that L — BJK. 

A check on the suitability of the value of inductance 
which has been introduced is furnished by the measure¬ 
ments themselves. When the load is practically non- 
inductive, the deflections observed on the voltmeter are 
identical for the two conditions of resonance in the input 
circuit, (a) with the anode load = B, and (&) with the 
anode load = 0 (i.e. there is no resistive component of in¬ 
put impedance due to the load). The inductance should 
therefore be chosen to satisfy this condition, or it should 
be slightly greater than the appropriate valuei a final 
adjustment being made by the addition of ai minute 
capacitance across the resistance B itself. ,The> amplifica¬ 
tion measurements will correspond to the correct non¬ 
reactive anode load, and the results should not be in error. 
Neglect to compensate for the factor is now considered 
to account in great medlsure for the slight disparity 
between the results obtained by the two: methods in 
the case of valves in which the insulation is good. 
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DESCRIPTION OF THE QUARTZ CONTROL OF, A TRANSMITTER 

AT 1786 KILOCYCLES PER SECOND.* 

By L. Essen, B.Sc. 

[From the National Physical Laboratory.] 

{Paper first received, 12th September, and in final form 13th December, 1933.) 


Summary. 

The paper describes the quartz-crystal control arrangements 
for a radio transmitter designed to radiate a standard 
frequency of 1 785 kilocycles per sec. 

The special feature of the quartz oscillator is its mode of 
support. It rests on four pins screwed into holes drilled into 
the edges of the oscillator in its nodal plane. By the use of 
this method of mounting the damping of the oscillator is 
decreased, and frequency-changes due to movement between 
the electrodes are nearly eliminated. The quartz plate was 
tested as a resonator, and its edge was ground until one 
strong resonance was obtained well removed from neigh¬ 
bouring resonances. It was then found to give a good 
performance as an oscillator. Tilting the mounting produced 
a maximum frequency-change of 2 parts in 10®, and the 
frequency varied linearly with temperature and smoothly 
with air-gap. The frequency was adjusted to 1 785 kilocycles 
per sec. 

The feeble oscillations of the crystal were amplified in two 
transformer-coupled stages and were then fed to the power 
valves of a transmitter. Changes of 6 per cent in the tuning 
of the amplification and power stages produced frequency- 
changes of only a few parts in 10^. 

The frequency of the transmitter showed a stability of 
1 part in 10’ over short periods and 1 part in 10® from day 
to day. 

A small condenser connected between the grid and the 
plate of the valve driving the crystal enabled the frequency 
of oscillation to be adjusted so that it could be maintained 
at a value within 1 part in 10’ of that of the standard 
tuning-fork. 


(1) Introduction. 

It ■ was decided in 1930 to emit fi-om the National 
Physical Laboratory radio waves of a standard frequency 
of 1 785 kilocycles per sec., in order that by the use of 
this frequency and its harmonics amateur experimenters 
might be able to calibrate their transmitters and wave- 
meters in the various frequency bands allocated to them. 
For this purpose provision was made for controlling the 
then existing standard-frequency transmitter by means 
of a quartz-crystal oscillator, the work being carried out 
by the late Dr. D. W. Dye. These standard emissions 
were commenced on the 3rd March, 1931. The early 
transmissions were successful in that the frequency was 
well within the required limit of 1 part in 10^ of the 
nominal value, but the quartz oscillator showed a 
tendency to oscillate in two modes and difficulty was 

» The Papers Committee iavite written communications, for consideration, 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


also experienced in stabilizing the amplification stages. 
The author, aided by the experience gained, therefore 
ground another quartz plate, mounted it in a new type 
of holder, and improved the stability of the amplifier 
by the introduction of an intermediate screen-grid stage. 
Since these improvements were effected the transmitter 
has given a very satisfactory performance with a high 
degree of frequency stability. As the quartz plate and 
the circuit arrangements are very simple and such as 
could be incorporated in any transmitter of this type, 
it is thought that a short description of them and their 
performance will be of general interest. 

(2) The Quartz Oscillator. 

u 

The quartz oscillator consists of a plate about 2 • 5 cm 
square, cut in a plane perpendicular to the electric axis. 
It vibrates in its fundamental longitudinal mode. Four 
conical holes of 1 mm depth were cut, one at the 



Fig. I.—Section showing quartz plate mounted between 
the electrodes. 


mid-point of each edge of the plate. The holder consists 
of two brass electrodes A and B (Fig. 1) separated by a 
silica ring C and clamped by the screws D. A thin 
brass cylinder screws on a fine thread cut on the base 
of the electrode B. The cylinder carries four light metal 
adjustable pins which screw into the conical holes so 
that the plate is not quite gripped. The plate therefore 
rests on the four pins, being free to move only by very 
small amounts; and frequency-changes, which usually 
occur on account of the movement of the plate between 
the electrodes, are thus very nearly eliminated. The 
plate is, moreover, supported at points in its nodal plane, 
which should tend to decrease the damping due to the 
supports. The cylinder is screwed down and clamped 
so as to leave an air-gap of 0-05 mm between the plate 
and the lower electrode; and the silica ring is so ground 
as to make an equal air-gap between the plate and the 
upper electrode. 

When the plate had been mounted in the electrodes 
and an approximate frequency-adjustment had been 
made, it was ground so as to have only one mode of 
vibration in the neighbourhood of the required frequency. 
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It is well known that the nature of the vibrations can 
be considerably affected by grinding the edge of the 
plate. The method of procedure developed at the 




Fig. 2. 

Laboratory is to test the plate as a resonator, as described 
by Dye.* The resonances occurring in the region 
of frequency corresponding to the thickness of the 



Fig. 

crystal are detected as crevasses in a resonance curve. 

It has been found that as the edge of the plate is ground 
a regular and uniform change occurs in the crevasses, 

* D. W. 'Dye: Proceedings of the Physical Society, 1926, vol. 38, p. 899. 


those of lower frequency gradually becoming more 
pronounced, while the frequencies of all the crevasses 
become greater. It is usually possible to obtain a. 
condition in which there is one deep crevasse, free from 
irregularities and well removed from the neighbouring 
crevasses. 

Four stages in the grinding of this plate are shown 
diagrammatically in Fig. 2. The deep crevasse A 
corresponds to the mode in which oscillations initially 
occurred. The state of the plate as depicted in Fig. 2{a.} 
was considered unsatisfactory, and it was ground along 
the edge parallel to the optic axis. The length Z of the 
side perpendicular to the optic, axis is given in the 
diagrams. The grinding was performed in small stages 
in order that the crevasse patterns might in all cases- 
be correlated. As the grinding proceeded, the low- 
frequency crevasses became deeper until (Figs. 2c and 2d} 
B became the main crevasse. Meanwhile the mode of 
oscillation had changed from A to B. It was found that 
the quartz plate had now a very good performance as- 
an oscillator. There was no suspicion of oscillations in 
more than one mode, the frequency varied smoothly as 
the air-gap was varied from 0-05 to 0*5 mm, and the 
temperature coefiEicient was linear between the limits- 
investigated (15° C.-30° C.). The final frequency-adjust¬ 
ment to 1 786 kilocycles per sec. was made by grinding 
the face of the crj^stal. For small adjustments this does 
not materially affect the nature of the crevasse curves'. 

The temperature coefficient of the plate was — 20 parts- 
in 10® per deg. C. rise in temperature, and it was therefore 
decided to control its temperature by means of a 
thermostat and to aim at an accuracy of 1 part in 10 ®. 

(3) The Electrical Circuit. 

The electrical circuit diagram is shown in Fig. 3. The- 
quartz-controlled oscillations are first amplified in two 
stages and then passed on to the power valves of the 
transmitter, which is described fully in another paper.* 
The tuned inductances Lj, Lg, and L 3 , in the anode- 
circuits of the valves, consist of toroidal coils, the- 



3. 

secondaries of which are wound turn for turn over the 
primaries. The first stage of amplification is a screen- 

* H. A. Thomas: “ The Emission of Special Radio Signals for the Study- of 
the Ionosphere ” (to be published in a later issue of the Journal). 
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grid stage, which serves to prevent reaction on the 
quartz oscillator and also provides sufficient amplification 
to enable the vibrations of the quartz to be reduced to 
a small amplitude, thus increasing their frequency- 
stability. The second stage consists of a 60-watt valve 
operating with an anode voltage of 600 volts. The 
stability of this and the power stage was increased by 
the inclusion of a neutrodyning coil and condenser C^. 
A small condenser C was connected between the plate 
and grid of the valve driving the crystal, to provide a 
simple means of making small frequency-adjustments. 
A total frequency-change of 70 cycles per sec. was 


vations the temperature in the transmitting hut was 
increasing rapidly at the rate of about 6 deg. C. per 
hour; and this caused an increase of 0-05 deg. C. in the 
temperature of the quartz during the course of the 
observations. The temperature coefficient of the quartz 
being —20 parts in 10®, the corresponding frequency- 
change is — 1 • 8 cycles per sec. The sudden decrease in 
frequency which occurs at regular intervals takes place 
when the heating current is switched on by the relay. 

During future transmissions it is intended to keep the 
frequency within 1 part in 10'^ of that of the standard, 
tuning-fork by a fine adjustment of the condenser C. 



obtained by changing the capacitance C from 16 to 
60 fXfxF. 

(4) Performance. 

To test the frequency stability of the emitted wave, 
a direct comparison was made with the 1 785th harmonic 
of the standard tuning-fork. The effect of moving the 
quartz holder was first investigated. It was found that 
the holder could be tilted through any angle, completely 
inverted, and shaken, without causing frequency-changes 
of more than 2 parts in 10®. The effect of detuning the 
amplification stages was then studied. A change of 
25 fMfxF, equivalent to 6 per cent of the total capacitance 
in the anode circuit of the screen-grid stage, produced a 
frequency-change of less than 4 parts in 10'^; and 
6 per cent changes of capacitance in the following stage 
and the power stage produced frequency-changes of 
about 1 part in 10^. Measurements were then made 
while the transmitter was left untouched for a period of 
30 minutes. The results are given graphically in Fig. 4. 
It is seen that the points lie on a smooth curve with an 
accuracy of 1 or 2 parts in 10®. This is the order of 
fi'equency stability of the standard tuning-fork. The 
general drift in frequency is due to a change in the tem¬ 
perature of the quartz plate. At the time of the obser- 


It has not yet been possible to obtain much information, 
concerning the frequency stability of the transmitter 
over long periods of time; but, the temperature being- 
constant, the frequency has been reproducible from day’ 
to day within 1 part in 10®. 

(6) Conclusion. 

It is to be concluded from these experiments that a. 
quartz plate, suitably supported in its electrodes and 
thermostatically controlled at a constant temperature, 
is capable of operating in its longitudinal mode with a. 
short-period stability of 1 part in 10'^ and a day-to-day 
stabiM-fcy of 1 part in 10®. The feeble oscillations of the 
quartz oscillator may be amplified to transmitter strength 
in such a manner that the frequency is nearly independent, 
of the tuning of the amplification stages. 

The development of the quartz oscillator was carried, 
out as part of the programme of the Radio Research 
Board, and this paper is published by permission of the 
, Department of Scientific and Industrial Research. The 
author’s thanks are also due to Dr. R. L, Smith-Rose- 
for reading the manuscript of the paper, and to Mr.. 
Hatcher for assisting in the measurements. 
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METER AND INSTRUMENT SECTION: CHAIRMAN^S ADDRESS 

By W. Lawson, Member. 

(Address delivered Zrd November, 1933.) 


Introduction. 

My first duty is to tender my thanks to the members 
for electing me their Chairman. It is an honour which 
I value the more because it represents the high-water 
mark of my career as a meter engineer, and I shall do 
my utmost to justify the confidence placed in me. 

In the task of putting together this Address I was 
faced with the usual difficulty of selecting a subject or 
subjects. The choice was decided on the assumption 
that those matters with which I had recently been 
personally associated, and in which, therefore, I have 
been specially interested, might be the most appropriate 
to the occasion. I propose to deal with two subjects 
of technical interest, namely, the insulation and earthing 
of meters and apparatus, and the measurement of load 
conditions on supply systems; but before I embark on 
these I feel that I must refer to the more important 
question of the progress and welfare of our Section. 

I entertain a special interest in and regard for this 
Section, not only because I had a hand in its foundation 
but also because, for a long time prior to its advent, 
I realized the dire need for some organization which 
would establish testing and metering—and especially 
metering—^in their rightful place and prominence in 
electrical work. As a proof of this I will quote the 
concluding words of my paper* on “ Defects of Elec¬ 
tricity Meters ”: “ , . . it is to be deplored that meter 
engineers themselves do not come together to compare 
methods, discuss difficulties, and exchange information. 
Such co-operation could not fail to bring to light a vast 
amount of knowledge which would be of mutual assistance 
not only to themselves but also to those engaged in the 
manufacture of meters.” 

That was said 13 years ago and, as I look back on all 
that has been accomplished by this Section and on the 
sustained interest of its members, I seem to be witnessing 
the realization of a dream. Although it was left to 
others to take the all-important first steps in that 
realization, I may claim to be specially privileged to 
refer to past history, as I am the only member of the 
old M.E.T.A. Council on the Committee of the Meter 
and Instrument Section at the present time. 

There is no question that up to the time the M.E.T.A. 
was formed there existed a very real need for raising 
the status of meter engineers, many of whom felt acutely 
the lack of interest in their work which frequently 
characterized the managements of undertakings. There 
is, perhaps, nothing that warps a man's nature and 
tends to impair his efficiency more than purblind neglect 
from those who stand to lose by such an attitude. 
It is pleasing to reflect, however, that through the activi- 

^* Journal I.E.E,, 1920, vol. 58, p. 747. 


ties of this Section the standard of metering practice 
has undoubtedly been raised, and the qualifications 
demanded of the meter engineer are as high as those of 
any other; no more will he be recruited “ ready made ” 
from the ranks of’ the wireman and meter reader— 
meter engineers must now be ” made to measure.” 

If only because of that happy result, the formation 
of this Section has been justified, and no one would 
deny that the Institution showed wisdom in absorbing 
the M.E.T.A., whose precious, enthusiastic spirit is, 
I hope, by no means spent. We must not forget, 
however, that metering is only one phase of the activities 
of our Section; and whilst it will, I think, always keep 
a prominent place in our proceedings, there will, doubt¬ 
less, be a stronger tendency in the future to go much 
further afield in the sphere of electrical measurement 
generally. In particular, this Section ought to attract 
—there is much evidence that it does attract—those 
engaged in research and educational work, and should 
thus form a common meeting-ground for the scientific 
worker and the practical technical man. 

As to the future, our usefulness and prestige as a 
Section are largely in the hands of the members, but are 
of course also bound up in the fortunes of the whole 
electrical industry, about which I, for one, have few 
misgivings. In the supply industry and, doubtless, in 
many others, the fundamentals on both the engineering 
and economic sides have been laid down, if not widely 
comprehended, and it now remains for us to solve 
the problem of spreading the benefits of electrical service 
throughout the entire population. In this, the scientist, 
the inventor, the designer, the commercial and technical 
expert, and others, will be called upon to make their 
contribution, but, notwithstanding all current theories 
to the contrary, I am convinced that the only serious 
obstacles are of a technical order and that only the 
technical man is fitted to surmount them. In any field 
of activity the truly successful are those who have 
complete mastery of the medium with which they work; 
in our field there is no better aid to such mastery tlian 
the art of measurement. 

Insulation and Earthing of Meters and Apparatus. 

There is still almost unlimited scope for research in 
the production of insulating materials, and little prospect 
of the appearance of a cheap material which combines 
the mechanical properties of the cheaper metals with 
the relatively stable insulating characteristics of mica 
or the best porcelains. That may never eventuate, 
but in the meantime a better appreciation of the correct 
uses for' the available material is demanded. The 
selection of insulation material for any apparatus 
should be governed by the worst conditions which it 
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will be liable to be called upon to withstand in service. 
Moisture is the enemy, and it is questionable whether 
mere immersion is of much value as a test of insulating 
materials for water absorption. Also, high-pressure 
tests on apparatus prior to installation, when such 
apparatus is in sound condition, are liable to establish 
confidence in the safety of the apparatus which may be 
quite illusory. 

Electricity meters are too frequently installed in 
unsuitable places, one of the very worst being a damp, 
unventilated cellar. In such conditions direct-current 
meters suffer especially owing to osmotic action, which 
results in the accumulation of moisture at the negative 
pole; and electrolysis engenders corrosion and sometimes 
produces complete breakdown of the insulation. The 
effect, of course, is more pronounced with some materials 
than with others. A comparison between a sound meter 
terminal-block and one which has been so affected 
makes one wonder what new problems might arise 
if the much-talked-of super-tension d.c. transmission 
were to be adopted. It is fortunate that with alter¬ 
nating current osmotic action is absent, because an 
a.c. meter case which is live is a much more serious 
matter than a live d.c. case; but, even without osmosis, 
absorption of moisture will result in a breakdown if 
the insulating material used is unsuitable. In view 
of this fact, some years ago I instituted a method of 
testing the ability of meters to resist damp conditions. 
The method was described in the Journal* but I propose 
to repeat the description here and also to say something 
of how the method was made applicable to the wider 
field of domestic appliances. 

Clearly my experiments were to be directed to repro¬ 
ducing the damp, unventilated cellar condition. A box 
was therefore constructed with a well-fitted lid to prevent 
the flow of air in and out. Inside, a shelf was provided 
on which to stand the meters, and beneath the shelf was 
a shallow bowl containing water. By this means it was 
to be expected that a damp atmosphere would be created 
and maintained. The results were startling, for after 
a week or so the insulation resistance fell from something 
of the order of 15 megohms or more to 0'25 megohm or 
less when tested after removal of the surface moisture. 
The insulation resistance of an a.c. meter dropped to 
zero in less than a month, This led to the manufacturers’ 
adopting a different material for insulating the current 
coils, and there were other instances where the insulating 
material in the meter had to be improved. The action 
which takes place appears to be due to the penetration of 
water vapour, which in time completely permeates the 
material, followed by condensation with fall of tempera¬ 
ture, the action being repeated until complete saturation 
is reached. Needless to say, tests are only applied to 
samples of meters submitted for approval, and not as 
a routine. 

As regards the wider application to domestic appli¬ 
ances, this test forms the most important detail in a 
scheme which has been adopted by the Birmingham 
Electricity Department for protecting consumers against 
the possibility of using apparatus that may be dangerous. 
This scheme, which was devised and instituted by the 
Birmingham city electrical engineer, is, I believe, unique 
* Journal I.E.E., 1928, vol. 66, p. 777. 


in many respects, and I take this opportunity of describ¬ 
ing it, not only on account of its unquestionable impor¬ 
tance, but because the principal test that it employs 
originated in the Meter Department and, moreover, 
forms an example of a laboratory device which was 
found capable of being much-more extensively applied. 

The scheme originated partly as a result of the change 
of system from direct current to alternating current 
and the conviction that supply authorities, contractors, 
and manufacturers, should abandon the d.c. outlook 
which rather tended to make light of safety measures 
as regards domestic installations. Mr. F. Forrest, 
the city electrical engineer, therefore decided to form 
a Committee consisting of the installation engineer, 
the commercial engineer, and myself as Chairman, 
whose duty was to set up a standard of safety to which 
all domestic appliances and apparatus exhibited and 
sold by the Department should comply. As there 
were then no regulations applicable to domestic instal¬ 
lations similar to those in force in factories, it was laid 
down that Regulation 13 of the Home Office Regulations 
under the Factory and Workshop Act should be worked 
to as closely as practicable. I need not repeat this 
Regulation, for it will sufi&ce to say that it refers to 
measures to be taken to safeguard persons handling 
portable apparatus, 

Among the first decisions arrived at were that all 
a.c. prepayment meters must be earthed and that all 
apparatus received by the Department must be subject 
to an insulation resistance test at 500 volts. The 
main work of the Committee is to examine every piece 
of apparatus submitted for exhibition in the showrooms 
of the Department, and to draw up a list of such as are 
found to be unsuitable from a safety point of view. 
They have also to examine the design and construction 
in detail, to point out to the manufacturer any defect, 
and to make suggestions for improvements in order that 
the apparatus may comply with the Department's 
standard. Special attention is given to apparatus of 
the portable type. The liability to danger in use is 
estimated not only from the character of the apparatus 
but also from the conditions under which it may be 
used and the frequency with which it would ordinarily 
be handled and put into operation. ■' 

On the question of earthing, the Committee arrived 
at views which may be of interest. They consider that 
apparatus "with exposed and ineffectually-guarded con¬ 
ductors, such as fires and toasters, should not be earthed. 
On the other hand they consider that the geyser type 
of water heater, which is solidly earthed in virtue of its 
metallic connection "with the cold-water supply-main, 
should in addition be independently earthed, as it might 
be disconnected from the supply pipe (say by a plumber 
repairing the tap) without being electrically disconnected. 

The Committee devoted a good deal of attention to 
the question of better guards for electric fires, but 
reached the conclusion that if such guards were to be 
effective they would substantially reduce the radiating 
efficiency of the fire and spoil its appearance. They 
could suggest no improvement on the present practice, 
but decided that whenever a fire is sold or hired the 
consumer should be warned that a guard fixed to the 
radiator would not comply with the legal requirements 



600 LAWSON: METER AND INSTRUMENT SECTION: CHAIRMAN’S ADDRESS. 


for guards to be placed in front of fires for the protection 
of clfildren. 

A great deal of attention was given to cookers, it 
being decided that oven elements of the totally enclosed 
type should be made standard in the future, and 800 of 
the Department’s cookers having oven elements protected 
by covers which could readily be removed were modified 
in accordance with the recommendation of the Com¬ 
mittee. 

Electric irons also were very critically examined, 
chiefly to ensure that sufficient clearance is provided 
between the live parts and the case, in view of the fact 
that shocks have been obtained owing to iron filings 
bridging across the clearance in the interior of irons. 
It was noted that an undesirable feature in some irons 
was the exposure of the live connecting-pins owing to 
the absence of shielding. In dealing with the vital 
•question of insulation, the Committee invariably proceed 
on the plan of endeavouring to estimate the factor of 
safety when the apparatus is handled or operated under 
the worst possible conditions, namely when there is 
no means of earthing or when the earth wire is tem¬ 
porarily disconnected, combined with an excessively 
•damp situation. 

In connection with this, the application of the damp- 
chamber method of trying-out insulation has proved 
very useful. The equipment is designed on the same 
lines as that used for trying-out meters, but it is of 
larger dimensions. Under this test a number of pieces 
•of apparatus failed and some went completely to earth, 
but in most cases there was no difficulty in getting the 
manufacturers to replace the insulating material by 
■other material which would stand up to the conditions. 
The test is very severe and, where extremely low values 
of insulation resistance are reached, the apparatus is 
not rejected if it is capable of recovering rapidly under 
dry conditions. In some instances recovery has not 
taken place after several weeks, and this has gone against 
acceptance. 

In addition to the work of the Committee the outside 
men who visit consumers’ premises for various purposes 
are instructed to take every opportunity of inspecting 
■consumers’ appliances. They make a note of frayed, 
kinked,. and twisted flexible cords, loose connections, 
broken connectors, and apparatus that has been badly 
treated. The meter inspectors also carry with them 
instructions for ascertaining whether single-pole switches 
are on the live part of the circuit. 

It must be admitted that when they first undertook 
the investigation the Committee concluded that there 
must be an appreciable number of unsafe appliances 
in use on domestic installations and also some in un¬ 
favourable conditions, but that a “ scare ” attitude 
in the matter is totally unnecessary. It is clear that 
with very little trouble, and at no expense, all possible 
■danger in use can be eliminated from domestic appli¬ 
ances if these are properly treated. 

Obviously the core of the problem is the insulation: 
earthing should be regarded only as a standby or a 
second line of defence. The all-insulated idea has its 
advantages, but where it has been put into practice 
important considerations have been overlooked. The 
architecture.of the job, so to speak, has been deficient. 


inasmuch as the design has followed the lines of similar 
structures built of more robust material than the bakelite 
which is used. The thinness of the material and the 
weakness of lugs and similar projections, also of sharp 
corners, etc., are some of the bad features. Then, again, 
bakelite is a doubtful material, if not made to a standard 
specification and process, and consequently not of 
uniform quality. It has, in fact, gained a confidence 
and popularity not entirely deserved. I found that some 
samples warped badly, although this is exceptional. 
Notwithstanding these drawbacks, very real progress 
has been made; the all-insulated prepayment meter has 
arrived, and one can venture to prophesy the ultimate 
if not rapid disappearance of the metal-clad meter. 

The Measurement of Load Conditions on Supply 

Systems. 

It is a well-known fact tha,t a great change has taken 
place in recent years in the system of electrification in 
this country and, whilst we are all familiar with the 
stages of that change and the forces responsible for it, 
the problems arising from it are not so self-evident. 
Briefly, what has happened is that whilst there has been 
a considerable contraction numerically of the centres 
of generation, the areas of distribution and the number 
of points of supply have expanded. Generating stations 
are not .now necessarily in the happy position of being 
at the centres of gravity of their loads. Whether the 
present order of things is the most economical arrange¬ 
ment that could have been contrived may be a legitimate 
question, but it is not at the moment a practical one. 
It must, however, be conceded that the attainment of 
the lowest possible cost of generation is a fundamental 
requirement, as the low'-priced unit made available to 
all consumers of electricity is also a fundamental neces¬ 
sity on the retail side. Between the two there is the 
vastly intricate problem of the most economic loading 
of the system. 

I believe that analysis of load conditions will play an 
important part in the future progress of the supply 
industry, and that a proper understanding of general 
and local variations on systems will make all the differ¬ 
ence between the adoption of a timid or a bold policy 
in development. For example, in heating schemes 
based on heat storage such knowledge is essential in 
order to work out the periods of supply most favourable 
to quoting the low rates per unit that are necessary. 

It is from, considerations such as these, and because 
I am of the opinion that all possible aids should be 
available for ascertaining the load conditions on various 
circuits, that I have investigated the means of measure¬ 
ment. I am not specially concerned here with the 
measurement of maximum demand for the purpose of 
charging on demand tariffs, although the information 
so obtained is of the utmost value, but with the measure¬ 
ment of loads at substations and different centres of 
distribution, and possibly also on consumers’ premises. 
It is remarkable how scanty is the information given 
in this respect in up-to-date textbooks, but the recent 
appearance of new devices for such measurement is 
evidence of the attention now being given to the subject. 
Naturally the instrument that first suggests itself is 
the recording ammeter, but at once the question of 
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cost becomes serious. The chart record does provide 
the complete story, but it also tells a good deal of what 
is already known and much that is immaterial, and is 
therefore cumbersome to handle. These instruments 
we must have for the few cases that cannot otherwise 
be dealt with satisfactorily, but generally it is the 
maximum reading that is vital, I decided as a start to 
explore the possibilities of maximum-load measurement 
on e.h.t. consumers’ supplies. We have about 600 of 
these, but none with kVA demand indicators and few 
with kW indicators. The idea of connecting thermal 
indicators in the secondaries of the meter current- 
transformers was considered and abandoned. Each 
meter panel has an ammeter of the moving-iron ty^Q, 
and it was decided to attempt to make an attachment 
having a pointer which would be actuated by the pointer 
of the instrument and would remain at the position of 
maximum indication. The requirements were that it 
should operate with a reasonable amount of lag, have no 
independent movement, and not affect the accuracy of 
the ammeter apart from the lag period. It was a 
difficult problem. 

The first experiment was with a device which consisted 
of a light tube bent to a half circle, with a bracket to 
enable it to be pivoted at its centre and on which to 
mount the pointer. The tube was filled with thick oil 
and the ends were fitted with oil-tight caps; the whole 
movement was carefully balanced, after which one of 
the caps was removed and a lead shot inserted. It 
was thought that if the pointer were held in one position 
the shot would slowly sink to the lowest part of the tube 
and the pointer would then remain permanently in that 
position. In practice it was found that the ball very 
rarely did reach the lowest position, even when a thin 
oil was used, so that the indication was generally on the 
low side, also the torque of the instrument was not 
equal to the work of moving the pointer at low loads; 
there was also evidence that the balance of the movement 
was disturbed by inserting the shot. It was therefore 
decided to try a tube of smaller bore open at both ends 
and partially filled with oil. This was an improvement 
in so far as the maximum reading was accurately indi¬ 
cated and less work was thrown on the instrument, 
but the lag was very short and, worst feature of all, it 
was unstable and the pointer would very slowly creep 
back to zero. As it was evident that some change of 
tactics was necessary, the tube was put on one side in 
favour of a small fixed tank of oil into which a paddle 
attached to the pointer was immersed, the pointer and 
paddle being extremely light. This arrangement was 
an improvement in all respects and appeared to be 
quite stable, but the final arrangement was a combination 
of the paddles with a tank in the form of a tube. In 
order, however, to ensure absolute stability a friction 
brake-disc with a spring adjustable to vary the friction 
at will was fitted. The disc is so shaped that there is 
no brake action at the lower portion of the scale where 
the torque of the instrument is low. Six, of these have 
recently been put into use and have already justified 
themselves; in' one case a quite • unexpected state of 
overload was almost immediately shown up at a colliery. 
The attachment is also being fitted to a substation volt¬ 
meter for the purpose of indicating maximum voltage. 


The thermal demand-indicator is being freely used 
and, during the past year, we have installed nearly 200 
in our static substations. Another current-measuring 
device which is extremely useful where there are no 
switchboard instruments is the grip tester, and I have 
found it necessary to make up a special pattern so 
that it can be applied to the porcelain fuse-carriers on 
outgoing distributors in substations. This method of 
measurement has, in fact, entirely displaced switchboard 
ammeters which could be plugged in on different dis¬ 
tributors—an unsatisfactory and dangerous operation. 
Another device which has been worked out and put into 
service is a means of measuring the maximum demand on 
low-tension overhead lines. This takes the form of a 
self-locking grip tester, which may have the maximum¬ 
reading ammeter self-contained or the ammeter may, 
preferably, be separately mounted on the pole. In 
the latter arrangement the maximum indicator consists 
of a lightly constructed metal drum partially filled with 
oil, which is prevented from flowing rapidly from one 
side of the drum to the other by means of perforated 
barriers to produce the lag. The idea was once applied 



Clip-on current transformer. 


to indicating instruments in order to produce damping, 
but it has not been used for many years. It is, in fact, 
unstable, but to overcome this a brake like that previously 
described is fitted. 

A number of tests carried out on overhead lines with 
this device disclosed a liability of the frame and cores 
of the grip to be affected by bad-weather conditions, 
and owing to its angular shape it was found difficult 
to provide suitable protective covering. Another de¬ 
sign has therefore been produced which, to a large extent, 
overcomes this handicap. The details are illustrated 
in the Figure. This shows the current transformer 
arranged to clip on to the insulated portion of the 
overhead line, with leads for connecting up to the 
instrument (not shown), which would be separately 
mounted on the pole. The split core of the transformer 
is housed in a split, hinged wooden bush; one half of the 
core is fixed in the bushing, but the other is spring-seated 
so that, when the transformer is clipped on, pressure is 
exerted on the two halves of the core and a good magnetic 
joint is thereby maintained. A spring clip enables the 
transformer to be self-locking. 'When fastened in 
position the apparatus takes a simple cylindrical form 
which can readily be wrapped with waterproof material. 
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Conclusion. 

In conclusion, there is some evidence of a falling-off 
in the output of papers from the members of this Section; 
and this falling-off, if only temporary, is yet difficult 
of explanation. It might be suggested that it is due 
either to lack of fertility in ideas or to paucity of subjects. 
I cannot admit that it is the former, and, as to the latter, 
it does not require much reflection for numerous subjects 
to suggest themselves. 

In the problems with which I have here dealt there is 
much room for amplification and discussion. Then a 
paper is badly wanted on the maintenance of relays, 
and the recent developments in synchronous motor- 
driven clocks call for a reassessment of, the applications 
of time switches. A paper on the technique of testing 


and measurement in electrical research would be of 
great interest. One dealing with the art of measure¬ 
ment would usefully reveal the many pitfalls which, 
from time to time, result temporarily in our undoing. 
Instruments have failings, idiosyncrasies, even per¬ 
sonalities, and I have no doubt that among the members 
there are many who could compile a treatise on a single 
instrument. 

The field is therefore boundless. If there be any falling- 
off of interest, I can only suggest that our minds are 
unconsciously becoming sterilized by a false sense of 
finality in electrification, induced by the completion of 
the grid. However that may be, I feel sure that the 
members will do their utmost to see that the Section is 
well provided with the contributions which are neces¬ 
sary to continue its activities and which are its life-blood. 


INSTITUTION NOTES. 


Council’s Nominations forElection to the 

Council. 

The following have been nominated by the Council 
for the vacancies which will occur in the offices of 
Pi'esident, Vice-Presidents, Honorary Treasurer, and 
Ordinary Members of Council, on the 30th September, 
1934:— 

lprC£t(Dcnt, {One Vacancy.) 

Professor W. M. Thornton, O.B.E., D.Sc., D.Eng. 

IDlcCslpceelOeftts. (Tzwo Vacancies.) 

W. E. Highfield. 

Lieut.-Col. A. G. Lee, O.B.E., M.C. 

Ibonorarg tTreaeul-eu. {One Vacancy.) 

F. W. Crawter. 

©rbfnarp ififtcmbets of Council. 

Members. {Four Vacancies.) 

N. Ashbridge, B.Sc.(Eng.) V. Watlington, M.B.E, 

J. R. Beard, M.Sc. ‘ W. J. H. V^ood. 

Associate Members. {Two Vacancies.) 

A. IT. M. Arnold, Ph.D. C. L. J. B. Nadaud. 

Companion. {One Vacancy.) 

Brig.-General R. F. Legge, C.B.E., D.S.O. 

Premiums. 

The Council have made the following awards of 
Premiums for papers read during the session 1933-34 
or accepted for publication:— 

The Institution Premmm {value 5). 

W. Kidd and J. L. “ The Application of Auto- 
Carr, B.Sc. , matic Voltage and Switch 

Control to Electrical Distri¬ 
bution Systems.” 


The Ayrton Premium {value £10). 

B. A. G. Churcher, “ The Measurement of Noise, 

A. J. King, B.Sc.Tech., with special reference to En- 
andH. Davies, M.Eng. gineering Noise Problems.” 

The Fahie Premium {vahie £10). 

T. S. Skillman, M.A. “ Development in Long-Dis¬ 
tance Telephone Switching.” 

The John Hopkinson Premium {value £10). 

W.G. Thompson, Ph.D., “The Application of a Gas- 

B. Sc. Cooled Arc to Current Con¬ 

version, with special reference 
to the Marx-type .Rectifier.” 

The Kelvin Premium {value £10). 

B. L. Goodlet, B.A. “ Electromagnetic Phenomena 

in High-Voltage Testing 
Equipment.” 

The Paris Premium {value £10). 

J. L. Miller, Ph.D., “ The Influence of Certain 
B.Eng. Transmission-Line Associated 

Apparatus on Travelling 
Waves.” 

and 

J. L. Miller, Ph.D., “ The Design and Operation of 
B.Eng., and J. E. L. a Pligh-Speed Cathode-Ray 
Robinson, M.Sc. Oscillograph.” 

The Webber Premium {vahie £10). 

G. Shearing, O.B.E. Address as Chairman of the 

Wireless Section. 

An Overseas Premium {value £5). 

S. P. ChakraVART i, “ Audio-Frequency Constants of 
M.Sc.(Eng.) (India). Circuits and Telephone Lines.” 
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Premiums {each value £5). 

M. A. B. Brazier, “ A Method for the Investiga- 
Ph.D., B.Sc. tion of the Impedance of the 

Human Body to an Alter¬ 
nating Current.” 

B. S. Cohen, O.B.E. ” Research in the British Post 

Office.” 

C. W. Marshall, B.Sc. " The Lower-Voltage Sections 

of the British Grid System.” 

P. D. Morgan, M.Sc. ” Reinforced Concrete Poles for 
(Eng.). Overhead Lines.” (E.R.A. 

Report.) 

W. G. Radley, B.Sc. ” Recent Investigations on Tele- 
(Eng.), and S. White- phone Interference.” (E. R. A. 
HEAD, M.A., Ph.D. Report.) 

H. Rissik, B.Sc.(Eng.). ” Some Aspects of the Electrical 

Transmission of Power by 
means of Direct Current at 
Very High Voltages.” 

The Willans Premium (value £14 6s.) 

The triennial award of the Willans Premium, which 
falls to the Institution on this occasion, has been made 
to Mr. D. B. Hoseason for his paper entitled '' The 
Cooling of Electrical Machines,” read before the Institu¬ 
tion on the 6th November, 1930, and published in 
Volume 69 (page 121) of the Journal. 


Premiums (each value £5)—continued. 

G. F. Shotter. ” Experience with, and prob¬ 

lems relating to. Bottom 
Bearings of Electricity 
Meters.” 

The awards for papers read before the Students' 
Sections will be announced later. 

Elections and Transfers. 

At the Ordinary Meeting held on the 26th April, 
1934, the following elections and transfers were 
effected:— 

Elections. 

Associate Members. 

McCullagh, Gordon Ralph, 
B.Sc. 

Metcalf, Alfred Whitley, 
M.Sc.Tech. 

Read, Frank William. 
Robinson, Douglas Harry. 
Roe, William Francis. 
Swan, Robert John J. 
Windross, Frederick Ed¬ 
ward. 

Young, John Edward. 
Young,Thomas Maclennan. 


Butterworth, Hubert. 
Chadwick, Albert Thomas. 
Cook, Frederick. 

Crocker, William Gordon. 
Goodall, Sidney Edward, 
M.Sc.(Eng.). 

Hall, Eric Spencer. 
Holdsworth, Thomas 
Clifford. 

Joyce, Reginald Montague. 
Long, Rupert Basil M., 
Lieut.-Commdr. 


Wireless Section Premiums. 

The Duddell Premium (value £20). 

T. Walmsley, Ph.D. ” An Investigation into the 

Factors controlling the Econo¬ 
mic Design of Beam Arrays.” 


Premiums (each value £10). 

L. H. Bedford, M.A., “ A Velocity Modulation Tele- 
and O. S. Puckle. vision System.” 


E. B. Moullin, M.A., 
and H. D. M. Ellis, 
B.A. 


” The Spontaneous Background 
Noise in Amplifiers due to 
Thermal Agitation and Shot 
Effects.” 


A. H. Reeves. ” The Single Side-Band System 

applied to Short-Wave Tele¬ 
phone Links.” 

Meter and Instrument Section Premiums. 

The Silvanus Thompson Premium (value £10). 

A. H. M. Arnold, Ph.D. ” Current-Transformer Test¬ 
ing ” and ” Leakage Pheno¬ 
mena in Ring-Type Current 
Transformers.” 

Premiums (each value £6). - 

J. B. Lees. "The Equipment and Opera¬ 

tion of a Modern Meter and 
Test Department.” 

E. Mallett, D.Sc. “ A Valve Wattmeter.” 

(Eng.). 


Companion. 

Murray, Ian Christian A. 


Associates. 


Burgin, Walter Edward. 
Butcher, Harry. 

Duncan, K. Venour. 
Eckersley, Reginald. 
Ezelarab, Abdelaziz, B.Sc. 


Haugaard, Frederick 
Bertleson. 

Plodder, Joseph. 

Isaacs, Sydney George. 
Sykes, Carl Plerrmann. 


Graduates. 


Beckley, John David. 
Bromwich, William Albert. 
Buglass, Stanley Richard. 
Cleur, Charles William. 

De, Lalitmohan. 

Egan, Patrick Joseph. 
Fairfield, Christopher 
Leonard G., B.A. 
Jackson, Reginald Henry. 
Joshi, Mahadeo Sakharam, 
B.E. 

Kay, Jack. 

Kennion, Wilfrid Roger. 
Kouyoumdjian, Kerop K., 
B.Sc. 

Lautier, Vincent. ■ 
McCabe, Ernest. 

McLeod, Percival Elector. 
Manton, William Joseph 

W. 


Miller, William Leslie E. 

Modi, Jayantilal 
Thakordas. 

Nag, Dhirendra Chandra.- 

Potts, Frank, M.Eng. 

Pritchard, John Neville 
H. 

Richards, Charles Graham, 
M.Sc.Tech. 

Sahiar, Jehangir Hormusji. 

Sinnadurai, Sinnathamby. 

Smith, Donald Sinclair, 
B.A.,M.A.Sc. 

Thompson, Henry Law¬ 
rence. 

Wainscott, Percival Dar- 
ville. 

Wallace, Ranald Plamilton. 

Watson, Daniel Stewart, 
B.Sc.(Eng.). 
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Students. 


Graduate to Associate Member. 


Akers, Bernard Horace. 
Allen, Philip Weston. 
Annandale, James. 
Attwood, Charles Ernest, 
B.Sc. 

Ayyar, Sesha Jagannatha. 
Bacon, James Laurence. 
Batten, Charles John. 

Bax, Claude Harry J. 
Bennett, Frederick Ithell. 
Bright, John Reginald. 
Bulger, Reginald Frede¬ 
rick. 

Clayton, Kenneth Bernarr. 
Cowper, Anthony 
Alexander T. 

Crawford, Alexander Gillies. 
Crocker, Frederick AVilliam.. 
Croker, George Leslie. 
Davis, John Hancock. 
Dhruva, Manubhai 
Maganlal. 

Dixon, Walter Harry. 
Eaton, John Reginald. 
Edwardes, John. 

Flack, Reginald. 

Franklin, William Alfred. 
Goodger, John Francis. 
Hall, James Edward. 
Hamilton, James Lawrie, 
Flarrison, _ Frederick An¬ 
thony. 

Heath, Charles Living¬ 
stone. 

Hey wood, Cyril Phillip E. 
Hix, Kenneth William. 
Howard, John Lawrance. 
Hughes, John. 

Kistner, Albert Francis. 
Knowles, William. 

Lall, Ram Behari. 


Lang, Leonard Charles. 
Long, Henry James. 
Lorkin, Terence Edward, 
M.A. 

McKie, Norman Alan M. 
Marklew, Howard Murray, 
B.Sc. 

Maskell, Leslie Horace. 
Metcalfe, Harold. 

Millar, John Boyer. 
Morgan, Flugh Gabriel B. 
Nurse, Raymond Aubrey. 
Oxley, Jesse. 

Packer, Johnson Lewis. 
Patel, Noor Mohamed H. 
Paton, Ian Keith. 

Raban, Plarry Denys P. 
Rennie, David. 

Ritchie, David Malcolm. 
Rowbotham, Francis 
Joseph. 

Ryan, Joseph Gerard. 
Shallcross, John, B.Sc. 
Tech. 

Shohet, Joseph I. 

Smith, Charles Cholerton. 
Smith, John Hugh. 

Smith, Thurston Meiggs W. 
Standing, Colin Frederick. 
Subrahmanyam, Periya- 
patna Narasimhayya. 
Taylor, Duncan Philip. 
Taylor, John, Jun. 
Thistlewood, Geoffrey 
Charles. 

Weatherley, Walter 
Charles. 

Weeks, Herbert Derrick. 
Wilson-Haffenden, Philip 
Allen. 

Wood, Edward Kemp. 


Transfers. 

Associate Member to Member. 


Arthur, James William. 
Gordon, Andrew Howard. 
Henniker, Harry Vincent. 
Hutton, Leslie Bertram, 
B.Eng. 

Kemsley, Alfred George. 
Kill, Ernest Frederick. 
Lucas, George Sail C. 
McCafiery, James, O.B.E. 


MacDonald, George John. 
Moore, Will. 

Murphy, Frank, B.Sc. 
(Eng.). 

Reiseger, Johan Herman. 
Riley, Edgar Strettell. 
Winfield, Frederick Caven¬ 
dish, M.Eng. 


Armitage, Geoffrey Lock¬ 
hart, B.Sc. 

Beiliss, William Howard 

A. , B.Eng. 

Birch, Stanley Harold. 
Boyd, William. 

Burton, Colin Rupert, B.Sc. 
Collis, William Blow G., 

B. Sc.(Eng.). 

Donkin, John, B.Sc.(Eng.). 
Follett, Samuel Frank, 
B.Sc.(Eng.). 

Gay, Harold. 

Langford, William Lawson. 
McCandlesS', Joseph, M.Sc. 
McPherson, William Lind¬ 
say, B.Sc.(Eng.). 

Mayes, Guy Noel H. 


Metcalf, Herbert Eustace 

L. 

Mitchell, James William E. 
Pack, Stanley Walter C., 
Lieut.-Commdr., R.N. 
Plummer, Reginald. 

Rees, Thomas John. 
Rostron, Frank. 

Salisbury, John Edward. 
Sanderson, William Trout- 
beck, B.A. 

Vincent, Russell Swale, 
B.Sc. 

Wade, Robert Capel, B.Sc. 
Wakerley, Wallace Regi¬ 
nald, B.Sc.(Eng.). 
Williamson, David Blair, 
B.Sc. 


Student to Associate Member. 
Hollingsworth, Philip Massey, B.Eng. 


In addition the following transfers have been effected 
by the Council:— 

Student to Graduate. 


Allen, Maurice, B.Eng. 
Bache, Derick John, B.Sc. 
Bamford, Thomas. 

Bowyer, Frederick Paget, 
B.Sc.(Eng.). 

Bradford, Warren Ernest. 
Bray, William John, B.Sc. 
(Eng.). 

Bridge, Hugh John. 
Browell, John Lowther. 
Chandler, Hemy Charles. 
Clouston, Charles Edward. 
Connock, Sidney Henry G., 
B.Sc.(Eng.). 

Copland, John Eric M., 
B.Sc. 

Fahey, George, B.Sc. 
Ghose, Suresh Chandra. 
Gilbert, Geoffrey Egerton. 
Godden, Alec William, 
B.Sc.(Eng.). 

Haslam, John Robert, 
B.Sc.(Eng.). 

Flodges, Philip George L. 
Howie, Alexander Smellie. 
King, George Alfred T. 
Legate, John Noel M., 


Pressey, Brion George, 
B.Sc.(Eng.). 

Price, Hariy Tomkinson. 
Prout, Leslie Ronald. 
Radcliff, Richard Hamil¬ 
ton, B.E. 

Razdan, Suraj Narayan, 
B.Sc. 

Revell, Hedley James, 
B.Sc. 

Rogers, Joseph William, 

B.E. 

Scoles, Graham John, B.Sc. 
(Eng.). 

Scott, Leonard Thompsou. 
Sharma, Ram Kumar. 
Sinclair, Allan Terence. 
Smith, Maurice Joy. 
Someryille, Robert Dennis, 
B.Sc. 

Tucker, Edv/ard William, 
B.Sc.(Eng.). 

Walker, Frederick Alfred 
S. 

Walton, James William W. 
Wheeler, Alan. 

White, George Edward B., 


Associate to Associate Member. 
Whittick, Robert Baker. 


B.Sc. 

8 Milne, Archibald George. 
Pickup, Harry, B.Sc.Tech. 


B.Sc. 

Wood, Leslie Bertram, 
B.Eng. 
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A part from the dangers of panic, sudden 
darkness affords the opportunity for crooks 
to plunder. You need a thoroughly reliable 
emergency plant, but at the lowest capital cost 
consistent with low maintenance cost. 

“NIFE” is the only Emergency Lighting Equip¬ 
ment the battery of which does not need trickle 
charging to keep it healthy. Thus there is no 
constant load on the mains increasing your 
lighting bill. 

The “ NIFE ” Steel Plate Battery does not 
deteriorate while standing idle, so that main¬ 
tenance charges are practically nil. 

No separate battery room required and the 
“NIFE” Equipment occupies much less space 
than any other type. Therefore a saving on the 
Building contract. 

“NIFE” Nickel Cadmium Alkaline Batteries 
can be recharged in three hours—a point of 
interest to Cinema proprietors. 


Let US solve your Emergency Lighting problem. 
Our Technical advice is at your disposal 
without obligation. 




Write for List 1934 
giving a selection of 
working diagrams. 
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unique feature : its variable tariff. It 
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from five-sixteenths of a penny to a 
shilling per unit, and it provides the 
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equipment on hire purchase terms. That 
is a feature well worthy of your 
attention. Write to us for complete in¬ 
formation of itsdevelopment inyour area. 


VARIABLE 
TA HI FF 
PREPAYMENT 


IT'S STANDARD FOR All PURPOSES 

SMITH METERS LIMITED * ROWAN ROAD • STREATHAM VALE • LONDON * SWI 6 • POLLARDS 2230 • 31 84 & 3876 




















mmmm 




T|XTlfc€ HilU.>iB 



TjTo] 

miilf 

i®y^l 






Mniliffl 



lIPPilll 

l^ai 



























TELEPHONE 

SYSTEMS 

Every kind of insulated conductor used in 
the complicated telephone systems of the 
present day is made by the B.l. 

Dry core air space trunk and subscribers 
cables for underground or overhead use. 
Switchboard and other cables for exchange 
use. Telephone cords, enamelled and silk 
covered wires for the winding of relay 
coils and receiver bobbins; and wires for 
the internal connections of every kind of 
telephone apparatus. 

Line wires, insulators and ironwork for open 
wire lines, telephone condensers, and primary 
batteries are also among B.l. products. 


A Aircraft and 
Automobiles. 

B Bkachworks and 
Dyeworks. 

C Cinemas. 

D Docks and Harbours. 

E Engraving and 
Etching. 

F Factories. 

G Generators. 

H Holloui^mi'e. 

I Ironworks. 

J Jewellery Annealing. 
K Kitchen Utensils. 

L Lifts. 


M Motors and Dynamos. 
N Neon Signs. 

0 Overhead Lines. 

P Power Lines. 

Q Quarries and Mines. 

R Railway Electrification. 
S Ships. 

T Telephone Systems. 

U Underground Mains. 

V Vacuum Cleaners. 

W Wireless Equipment. 

X X-Ray Clinics. 

Y Yarn Mills. 

Z Zinc 


CABLES and r 

FOR 



CABLE MAKERS AND ELECTRICAL ENGINEERS 
PRESCOT • . • LANCS. Tel. No. PRESCOT 6571. 

London Office, SURREY HOUSE, EMBANKMENT, W.C.2, Tel. No. TEMPLE BAR 4793-6 
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Some 250,000 Type 24 Strowger automatic 
telephone dials have already been supplied 
for use on important networks throughout 
the world. Among the leading administrations 
to favour the “l,000-year” dial—so-called 
because of its unlimited life in service—is the 
Government of South Africa, to whom 
upwards of 50,000 have been delivered. 
Similarly many thousands of these dials have 
been put into^ daily service by telephone 
authorities in India, Canada, North and South 
America, Portugal, Jamaica, Poland, Egypt and 
the Far East. 



AUTOMATIC ELECTRIC COMPANY LTD. 

STROWGER WORKS, UVERPOOL, 7 

Telephone No: Old Swan 830 . Telegraphic Address: "Strowger,” Liverpool 

MELBOURNE HOUSE, ALDWYCH, LONDON, W.C.2 


Trade. 
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k 


bles 


with Insurance 


w high standard of quality to which 

/ X all C.M.A. Cables conform is a com- / 
/ plete assurance of reliability and service. / 
/ Far-sighted buyers have long realised / 

/ the value of this dependability. / 

/ They know that it pays to use cables made / 

/ by Members of the C.M.A. for all jobs / 

—large or small. J||| 


Regd, TraJe Mark NOJ, 42?Zr9,ZO-2l 




MEMBERS OF THE C.M.A. 


Copyright 
L. B. Atkinson 
Exdiisipi Uctnseti 
Mtmbirs of the C.M.A, 


/ The Anchor Cable Co., Ltd. 

/ British Insulated Cables Ltd. 

M Callender’s Cable &. Con- 
":i:yr struction Co., Ltd. 

t The Craigpark Electric Cable 
/ Co. Ltd. 

M The Enfield Cable Works Ltd. 

f Edison Swan Cables Ltd. 
W. T. Glover & Co. Ltd. 
Greengate &. Irwell Rubber 
Co. Ltd. 

W. T. Henley’s Telegraph 
Works Co. Ltd. 

The India Rubber, Gutta- 
Percha &, Telegraph Works 
Co. Ltd. 


Johnson & Phillips Ltd. 
Liverpool Electric Cable 
Co. Ltd. 

The London Electric Wire 
Co. and Smiths Ltd. 

The Macintosh Cable Co. Ltd. 
Pirelli-General Cable Works 
Ltd. (General Electric Co. Ltd.) 

St. Helens Cable & Rubber 
Co. Ltd. 

Siemens Brothers & Co. Ltd. 
(Siemens Electric Lamps & 
Supplies Ltd.) , 

Standard Telephones & Cables i 

Ltd. / 

Union Gable Co. Ltd. # 


Aiftrt of tht Cahh Maktrt Association, Sardinia Houst, Sardinia Street, IF'.C.i. Pbone; Holbom 4976. 
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A joint bay (twelve single cove cables and five 
auxiliaries) being prepared during cable 
laying. 


Four circuits (with five auxiliaries) during 
installation—each circuit consists of three 
cables in delta formation. 


Submit your Cable and 




Four circuits (twelve cables) rising 
from the cable subway at Clarence 
Dock to their switchgear terminations. 




Registered Offices: 

CONNAUGHT HOUSE, ALDWYCH 
LONDON, W.C.2 

Telephone: Holborn 8765 


Photographs abooe by permis~ 
sion of Mr. P. J, Robinson. 
M. Eng., M, /. Mech. E., 
M. I, E'.E,, City Electrical 
Engineer, 


Completed j'oints (protected by concrete 
coffins) arranged in tiers in bay. 


Clarence Dock is connected to the Central Electricity 
Board Grid System by no less than twenty-nine cables. 
This network consists of eight circuits each of three 0‘S sq. 
in. 33kVsingle core cables together with five auxiliary cables. 

As may have been expected, twenty-nine cables occupied 
too much street space, and therefore four of the circuits 
plus five auxiliaries follow one route, and the rema'inder 
take a parallel route. 


tdMUmimnMiiaim 
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Cables descending vertically in ventilating 
shaft at St. George’s Dock. 


Cables descending staircase leading off from 
base of ventilating shaft at St. George s Dock. 


Works: 

NORTH WOOLWICH 
LONDON, E.I6 

Telephone: Albert Dock 1401 


Main run of cables on racks in South Air 
Duct (showing joints). 


Under-road section of Tunnel at St. 
George’s Dock—^main barrier joints 
at base of shaft. 


By courtesy of the Mersey Tunnel 
Joint Committee. 
Photographs by Stmaart Bale. - 


The Central Electricity Board System connecting Clarence 
Dock Power Station (Liverpool) with Birkenhead Power 
Station consists of three O'lS sq. in. 3 core HSL 33kV 
cables (with one auxiliary cable). These enter the new road 
tunnel under the Mersey at St. George’s Dock, as illustrated 
bejow, and emerge in similar fashion at Morpeth Dock 
(Birkenhead). 


MERSE 
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\|OLTS 


fERRANTj 


EKQLAHO 

266634 . 


<000 OHMS P£A VQ^r. 


/DCXIRCULT TESTER 


This new moving coil 
instrument measures D.C. 
mllliamperes^ D.C. volts^ 
A.C. volts and ohms. D.C. 
readings are first grade in 
accordance with B.S.I. No. 89 
and A.C. readings are 
correct within 3 per cent, 
at full scale reading. 
The instrument is complete 
with self-contained 1Volt 
cellc 


RANGES 

D.C. MILUAMPS 0-1, 7.5, 30, 150 and 750. 

D.C. VOLTS 0-3, 15, 150, 300, 450 and 600. 

A.C. VOLTS 0-15, 150, 300, 450 and 600 
20 to 4000 cycles per second. 

A.C. MILLIAMPS 0-1. 

RESISTANCE 0-50,000 ohms self-contained 
and up to 0-30 megohms with 
external D.C. source up to 600V. 

DIMENSIONS 3^" x 4i'' x 2i'' 

PRICE £5 15s. including substantial case and 
all accessories. 

Write for list In. 1, 


1000 ohms 


FERRANTI LTD. HOLLINWOOD. LANCS., Aldwych, WC.2 











































BRONZE ENAMELLED 


Henley Bronze Enamelled Copper Wires are 

Completely and uniformly covered with durable and flexible 
insulating enamel— 

Smooth Surfaced— 

Free from embedded dust particles or other foreign matter— 

High insulating, non-hygroscopic and heat-resisting properties— 

Comply with British Standards Institution Specification No, 156/1932. 

hejmley wires 

Ask for quotations, especially for large quantities. 

'Phone us if in urgent need. 


W. T. HENLEY’S TELEGRAPH WORKS CO. LTD., 

Telephanei CITY 3110. LONDON, E.C. I 


HOLBORN VIADUCT, 

Telegrams; Henletel, Cent, London. 


























































I.E.E. Journal Adveri'isements. 


(xii) 





r.E.E.6.34 


or 


mportant Lines 


For all important transmission lines, when every 
precaution to prevent operating troubles must be 
taken, the B.A.S. suspension clamp challenges atten¬ 
tion. Made of a strong, non-corrodible aluminium 
alloy, the clamp has a low moment of inertia, and is 
specially designed to grip the conductor with 
adequate pressure without causing damage or dis¬ 
tortion. The overwhelming superiority of the B.A.S. 
suspension clamp in comparison with ordinary 
clamps under exactly the same vibration conditions 
can be demonstrated by practical tests. 



A\ STEEL-CORED 

he BRifisH ALUMINIUM* CO. IM 

HEAD office: ADELAIDE HOUSE, KING WILLIAM ST.LONDON. E.C.A. 
ttlephOWE:MANSION HOUSE 5S6IS 8074 (S LfNES) TELECRAMS:CRYOUTE, BILOATE, LONDON. 


The BRITISH ALUMINIUM COMPANY Ltc/. 


LIST OF ADVERTISERS IN 


THIS ISSUE 


Automatic Electric Co., Ltd. 

Babcock & Wilcox, Ltd. 

Batteries, Ltd..... 

Bolton (Thomas) & Sons, Ltd. 
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British Insulated Cables, Ltd... 
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Elliott Brothers (London), Ltd. ... 

Ferranti, Ltd... 

Hanley’s (W. T.) Telegraph Works Co., Ltd... . 
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NALDERS 

LOW LOSS 

CIRCUIT BREAKERS 

OPEN or ENCLOSED types 
Fitted with 

LOOSE HANDLE 
and 

MAGNETIC BLOW-OUT 
OVERLOAD, 

UNDER-LOAD, REVERSE, 
LOW VOLT, 

or supplied in combination. 

Single Pole, Double Pole, 
and Triple Pole, 

Fitted with TIME LAG if required 

NALDER BROS. & THOMPSON, LTD. 

97 DILSTOH LINE, LONDON, E.8. 

Telephone: Telegrams: 

2365 CLISSOLD. OCCLUDE. KINLAND, LONDON. 




The latest development in 
Design and performance for 
INTER-OFFICE TELEPHONY 


Suitable for 2 to II stations, 


NO AUTOMATIC SWITCHBOARD 
REQUIRED 

Exceptional Speech Transmission 
and many other exclusive features 

BRITISH THROUGHOUT 

Further particulars from 

SHIPTON AUTOMATIC TELEPHONE SYSTEM 

K. SHIPTON & CO. LTD. 

2/3 Caxton House, Westminster, S.W.l 
Telephone; Whitehall 5671/2 



FREDERICK 
SMITH & 
COMPANY 


{ incorporated IH the LONDON 

ELECTRIC WIRE COMPANY AND 
SMITHS, limited ) 




ANACONDA WORKS 
SALFORD 3, LANCS 


.. TELEPHONE .. _ .. . 

BLACKFRIARS 8701 ce LINES) 
TELEGRAMS 

ANACONDA, MANCHESTER' 


bright drawn in straight lengths 

TO SUIT the CUSTOMER’S REQUIREMENTS 
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COMMUTATOR COPPER 



In 

Random 

Lengths 


In 

Blanks 

Sawn 

to 

Length 


In 

Bars 

Rough 

Sawn 

to 

Shape 


to B.S.S. 445—1932 


IP A special Bolton 
copper has been introduced 
guaranteed not to soften 
during assembly or baking. 
It is supplied under the 
registered name of 

“COMBARLOY” 

May we send you particulars? 





COPPER 




With PorcelaiD 
Liners fused into 
Glass 


-i:j jT V' 


Present 
Limits of 
Dimensions 


Specify C. & H. Meters to make your metering 
safe and sure. 

Manufacturers: 

CHAMBERLAIN & HOOKHAM LTD 

SOLAR WORKS, BIRMINGHAM 

London Oflice and Test Rooms 


THE MERCURY SWITCH 
MANUFACTURING Co., Utd. 

WEST DRAYTON MIDDLESEX 


Magnet House, Kingsway, W.C.2 
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ER 

WITH 25 RANGES 


For Measurements of the Highest Precision 


Ratio Variations less than 0*1% down 
to l/IOth current. 

Phase Angie not exceeding 3 minutes 
down to l/IOth current. 


’‘Nikron” Current Transformers, with nickel-iron alloy core, can be sup¬ 
plied in various types (Switchboard and Portable) to suit requirements. 

Indispensable as Standards, and for checking purposes. 

Numerous other types of Instrument Transformers (Current and Voltage) 
are available in both Switchboard and Portable patterns for use in con¬ 
junction with many types of A,C. measuring instruments and apparatus, 
metering and standardising equipments. 


EILIOTT 

I 

iNSTRUMENT 

TRANSFORMERS 

PARTICULARS ON REQUEST 


l^IOTT BROTHERS (LONDON) LTD., CENTURY WORKS, LEWISHAM, S.E.I3 

ESTABLISHED 1800 ‘:-,xiiSSV4gBSS)lgi^lSSV'iXSSVfELEPHON£!:LEE-iEEEH:464e 


(REGISTERED TRADE MARK) 


VITREOUS EMBEDDED 


RESISTANC 


UNITS 


(WIRE WOUND) 


These Units are made in a large variety of sizes and ranges, and 
are therefore extremely convenient for use in the construction of all 
kinds of high-class regulating and controlling switchgear. 

The Units are neat and compact, and can be supplied with or 
without brass end caps and connecting clips. 

Thousands in constant use for many years in all parts 
of the world. 

PROMPT DELIVERIES CAN BE EFFECTED 


Catalogue of Resistances and Units on application. 

THE ZENITH ELECTRIC CO. LTD. 

SOLE MAKERS OF THE WELL-KNOWN “ZENITH" ELECTRICAL PRODUCTS 
Contractors to the Admiralty, War OflSce, Air Ministry, Post Office, L.C.C., etc. 

ZENITH WORKS, VILLEERS ROAD, WILLESDEN GREEN, LONDON, N.W.2 

_* _T J 


Telephone* Willesden 4087-8 


Telegrams: “Voltaohm, Willroad, London” 
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Supplied to 
Dartford 
Electricity Dept, 


The Photograph illustrates 
one of these rectifiers, 
such as have been sup¬ 
plied to many Supply 
Undertakings, including 
the Dartford Electricity 
Department. It is de¬ 
signed on a rating of 
30 secondsjoad per hour; 
and, provided not more 
I than one solenoid is ener- 


A \M^ L Kx . „ • ' ^ the one 

rp Y* ®^^*tighouse Metal Rectifier provides a far more rectifier may be used to 

efficient and reliable means of closing oil circuit-breakers, actuate any number of 

etc., than the more usual motor. A Metal Rectifier needs circuit-breakers, the 

none of the attention and maintenance associated with the selection being carried 

alternative method, and will certainly outlast the actual out by switches connected 

switchgear. in the D.C. circuit of 


Advert, of the 

WE ST I N G H O USE 
BRAKES SAX BY 
SIGNAL CO., LTD., 
82 YORK ROAD, 
KING’S CROSS, 
LONDON, N.l 


Not the least important advantage of a Metal Rectifier is its 

["ncrTlf"?' foundations, and, once 

installed, its reliability makes its presence forgotten. 


tne rectiTier, the actual 
“making” and “break¬ 
ing” being effected on 
the A.C. side. 


YOU CAN DEPEND ON THE 

■■ ii i - 





METAL 

































LOCAL CENTRES AND S’ 

NORTH-WESTERN CENTRE. 

Chairman .— G. G. L. Preece. 

Hon. Secretary. —A. E. J Epson, _ Wyncourt, Park Road, 
Timperley, AJtrincham, Cheshire. 


SCOTTISH CENTRE. 

Chairman. — ^N. C, Bridge. 

Hon Secretary. —J. Taylor, 154, West George Street, Glasgow, 
C.2. 

Hon' Assist. Secretaries.—H. V. Henniker, 172, Craigleith 
Road, Edinburgh. 

R. B. Mitchell, 53, Lauderdale Gardens, Hyndland, 
Glasgow, W.2. 

Dundee Sub-Centre. 

Chairman. — W. M. Mackay, B.Sc. 

Hon. Secretary.—P. Philip, c/o Electricity Supply Dept., 
Dudhope Crescent Road, Dundee. 

Hampshire 

Chairman. — Prof. G. D. A. Parr. 


l^CEmEEB—(Continued). 

SOUTH . MIDLAND CENTRE. 

Chairman. — J. Coxon. 

Hon. Secretary. —PI. Hooper, 65, New Street, Birmingham. 

Hon. Assist. Secretary. — R. H. Rawll, Frequency Change 
Offices, Electric Supply Department, Dale End, 
Birmingham. 

East Midland Sub-Centre. 

Chairman. —J. H. R. Nixon. 

Hon. Secretary. —J. F. Driver, 65, Middleton Road, Lough¬ 
borough. 

WESTERN CENTRE. 

Chairman. —A. Nichols Moore. 

Hon. Secretary. —PI. R. Beasant, 77, Old Market Street, 
Bristol, 2. 

West Wales (Swansea) Sub-Centre. 

Chairman. —H. K. Benson. 

Hon. Secretary. —R. Richards, 78, Glanbrydan Avenue, 
Swansea. 

Sub-Centre. 

Hon. Secretary. —A. G. Hiscocic, 

25, Burbridge Grove, Southsea, Hants. 


INFORMAL MEETIN(3^S. 

Chairman of Committee. —J. F. Shipley. 


METER AND INSTRUMENT SECTION. 

Chairman. —W. Lawson. 


WIRELESS SECTION, 

Chairman. —G. Shearing, O.B.E., B.Sc. 


LOCAL COBIMITTEES ABROAD, 


AUSTRALIA. 


New South Wales. 

Chairman. — L. F. Burgess, M.C. 

Hon. Secretary.—]. E. Donoghue, Kelvin House, 15, Castle- 
reagh Street, Sydney. 

Queensland. 

Chairman and Hon. Secretary.—1^. M. L’Estrange, P.O. 
Box No. 646h, Boundary Street, Brisbane. 

South Australia. . 

Chairman and Hon. Secretary. —F. W. H. Wheadon, Kelvm 
Building, North Terrace. Adelaide. 


Victoria and Tasmania. 

Chairman and Hon. Secretary.—H. R. Harper, 22 61. 
William Street, Melbourne. 

" Western Australia. 

Chairman. —J. R. W. Gardam. Electric 

Hon. Secretary.—]. A. Smith ^ssocmted General Electric 

Industries Ltd., Box D-147,. G.P.O., Perth. 


INDIA. 

Bombay. 

Chairman. —F. O. J. Roose. tt 

Hon. Secretary. —A. L. Guilford, B.Sc.Tech., Electric House, 

Post Fort, Bombay. 

Lahore. 

Chairman. —F. L. Milne. • , i 

Hon. Secretary. —H. F. Akehurst, B.Sc., c/o Messr^ Cal¬ 
lender’s Cable and Construction Co., Ltd., Forbes 
Building, Home Street, Fort, Bombay. 

NEW ZEALAND. 

Hon. Secretary, —A. C. Owen, Box 749, G.P.O., Wellington. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon. Secretary. —W. Elsdon Dew, Box 4563, 
J ohannesburg. 


LOCAL HONORARY SECRETARIES ABROAD. 

ARGENTINA: R- G. Parrott, Metropolitan-Viclmrs Elec- 
tTical Export Co., Ltd., Avenida de Mayo. 580. Buenos 
Aires. 

PANADA- F A. Gaby. D.Sc., Chief Engineer. Hydro- 

^^Elediic Power Commission of Ontario, Engineering 
Dept., 190, University Avenue, Toronto, 2. 

PAPE NATAL. AND RHODESIA: G. H. Swingler City Elec¬ 
trical Engineer, Corporation Electricity Dept., Cape Town. 

FRANCE: J. Grosselin, 16, Boulevard Emile-Augier, 

Paris (16e). 

HOLLAND: A. E. R. Collette, Heemskerckstraat 30, 

The Hague. 

INDIA- C. C. T. Eastgaxe, c/o Octavius Steel & Co., 

14, Old Court House, Calcutta. 

ITALY: L. Emanueli, Via Fabio Filzi, 21, Milan. 

JAPAN: I. Nakahara, No. 40, Ichigaya ■ Tanimachi, 

Ushigomeku, Tokio. 


NEW SOUTH WALES: J. E. Donoghue. Kelvin House, 
16, Castlereagh Street, Sydney. 

NEW ZEALAND: A. C. Owen, Box 749, G.P.O., Welling¬ 
ton. 

QUEENSLAND: W, M. L’Estrange, P.O. Box No. 546h, 
Boundary Street, Brisbane. 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building, 
North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon Dew, Box 4563, Johannesburg. 

UNITED STATES OF AMERICA: Gang Dunn, 43, Ex¬ 
change Place, New York City, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, WilUam 
Street, Melbourne. 

WESTERN AUSTRALIA: Prof P. H. Fr.aenkel, B.E.. 
The University of Western Australia^ Crawley, 



LONDON. 

Chairman .— F. Jervis Smith. 

Hon. Secretary. —E. L. Hefferman, " Launceston,” 
Heath Drive, Potters Bar, Middlesex. 

NORTH-WESTERN. 

Chairman.—S. Farrer. 

Hon. Secretary. —G. Knights, 17, Delamere Street, 
Bury. 

SCOTTISH. 

Chairman. —J. S. Boyd. 

Hon. Secretary. —E. Bradshaw, M.Sc., Electrical En¬ 
gineering Dept,, Royal Technical College, Glasgow. 

NORTH-EASTERN. 

Chairman. —R, W. L. Harris, B.Sc. 

Hon. Secretary. —P. Richardson, c/o Messrs. C. A. 
Parsons & Co., Ltd., Heaton Works, Newcastle- 
on-Tyne. 


STUDENTS’ SECTIONS. 

MERSEY AND NORTH WALES (LIVERPOOL). 

Chairman :— G. A. Peacock. 

.^Lunceston,” Hon. Secretary. —E. Williams, 24, Rosmore Gardens, 
Liverpool, 4. 

SOUTH MIDLAND. 


Chairman. —J, R. Anderson, B.Sc. 

Hon. Secretary. —S. G. Dinenage, c/o British Electric 
Lamps Ltd., 43, Church Street, Birmingham, 3. 

NORTH MIDLAND. 

Chairman. —W. L. M. French. 

Hon. Secretary .— ^J. W. Ginn, c/o Messrs. Frederick 
Smith & Co., Ltd., Charlestown Road, Halifax. 

SHEFFIELD. 

Chairman. —C. R. Justice. 

Hon. Secretary. —H. A. Wainwright, 152, Meadow 
Head, Norton Woodseats, Shefheld, 8. 


BRISTOL. 

Chairman. —C. W. Pitcher. Hon. Secretary. —R. C. Barton, "Aldersyde,” Reedley Road, Stoke Bishop, Bristol, 9. 


THE I.E.E. BENEVOLENT FUND, 

The object of the I.E.E. Benevolent Fund is to help 
those members of the Institution and their dependants 
who have suffered a set-back through ill-health, or who 
are passing through times of stress. 


Applications for assistance will increase with the passage of years. 
During 1933, 53 cases were helped with grants amounting to 

£2600. 

Please support the Fund. 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY, THE BENEVOLENT FUND, 

The Institution of Electrical Engineers, 

Savoy Place, W.C.a. 


LOCAL HON. TREASURERS OF THE FUND. 

Irish Centre'. T. J. Monaghan. North-Eastern Centre: F. G. C. Baldwin. North Midland Centre: 
T. B. Johnson. Sheffield Sub-Centre: W. E. Burnand, North-Western Centre: T. E. Herbert. Mersey 
and North Wales (Liverpool) Centre: L.. Breach. Scottish Centre: (Glasgow) A. Lindsay ; (Edinburgh) 
D. S. Munro. Dundee Sub-Centre: P. Philip. South Midland Centre: W. Y. Anderson. Western 
Centre: (Bristol) E. P. Knill; (Cardiff) T; E. Lewis. Hampshire Sub-Centre: H. J. Grapes. 
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